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 ABSTRACT 
 
 
 The headspace from a number of ‘True’ and ‘False’ peppers was sampled using two 
different techniques and analysed using gas chromatography mass-spectrometry (GC-MS). 
Initially, Solid Phase Microextraction (SPME) was tested as a means of sampling freshly 
released aroma compounds. However, due to poor chromatographic separation the results 
remained largely inconclusive. The use of thermal desorption dynamic headspace (TD-DHS) 
sampling proved more successful. Using this technique, over 130 compounds were identified 
across the 19 pepper samples. The method proved to be effective in sampling volatiles in a 
way that replicated the consumer pepper experience and allowed for the quantitative 
comparison of volatile constituents across samples. A number of peppers, with freshly released 
aroma volatiles previously not described were successfully characterised, including 
Voatsiperifery pepper (Piper borboneense) and Tasmanian Pepper (Tasmannia lanceolata). 
The TD-DHS GC-MS method developed was also used to assess the effects of pre-grinding on 
the volatile constituents of Tasmanian Pepper berry and leaf. Both leaf and berry volatile levels 
were dramatically reduced due to the industrial pre-grinding processing. Essential oils from 
Tasmanian Pepper berry (both dried and freeze-dried) and crushed leaf were extracted and 
analysed using GC-MS. The volatiles identified were consistent with those in the published 
literature. 
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CHAPTER I 
LITERATURE REVIEW 
 
1.1 PEPPER AS A SPICE 
  
1.1.1 IMPORTANCE AND USE 
 
 Black Pepper, commonly known as the “King of Spices”, is the most widely used spice 
in the world. It has an extensive history as both a culturally and economically important crop. 
Black pepper (Piper nigrum) belongs to the Piperaceae family. It is native to and was first 
widely cultivated in the southwestern regions of India. From there the spice was taken to 
Indonesia, Malaysia and other areas throughout Asia and other pepper growing countries 
(Singh et al., 2011; Parsatharathy et al., 2008).  
 
Pepper has been used for a number of different primary applications by different 
cultures throughout the world. Commonly used as a spice additive in food and well known for 
its aromatic and pungent qualities, it is also used in medicines and preservations. The wide 
variety of applications and its distinctive flavor characteristics led to the great intrigue and 
desire that surrounded the spice as it became a globally accessible product. Black pepper was 
mentioned in terms of medicinal usage as far back as 6000 B.C. in the Ayurvedic Materia 
Medica. The first detailed reports of pepper use extend as far back as 3000 B.C. when the 
Assyrians and Babylonians were trading in pepper, cinnamon and cardamom off the Malabar 
Coast. The Babylonians had a strong trade connection with the Chinese and it is thought that 
this is one of the possible routes in which pepper was then distributed around South-East Asia. 
The Ancient Egyptians also recorded use of Black pepper in their embalming mixture in 2000-
3000 B.C. (Ravindran, 2000; Singh et al., 2011)  
 
Black pepper by Europeans was reportedly used and highly sought after in the 1
st
 
century A.D. At this time, it was recognized that black pepper came from southern India. 
Roman envoys, after capturing Egypt, were sent out in search of the exotic spice and the 
pepper trade began. Its real ascendancy began with the Portuguese. The black pepper trade 
made the Portuguese rich and the Indians were provoked into producing more of the spice. The 
popularity and value of this small black berry was such that it was one of the key spices that 
caused the international skirmishe known as the spice wars. The Portuguese, British and Dutch 
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fought over the pepper and spice trade routes for many years, until the British finally proved 
their power and gained the ascendency in the 19
th
 century. Since then the popularity of pepper 
has grown continuously. Production has moved into South America, Africa and other Asian 
countries and there is now an enormous level of global production. India, Indonesia, Brazil, 
Malaysia and Vietnam are now the largest international producers and exporters of Black 
Pepper. Black pepper is now monetarily the most widely traded and produced spice in the 
world. Globally, around 196,000 tonnes of pepper are produced annually, of which 
approximately 138,000 tonnes are traded. This accounts for approximately 35% of the world’s 
spice trade (Ravindran, 2000; Parsatharathy et al., 2008). These striking figures illustrate the 
sheer scale and global importance of this king of spices. 
 
Piper nigrum comes in various processed forms, with a number of different commercial 
products arising from the initial pepper fruit. Variations in the processing techniques and 
harvesting times result in a number of different products all with their own shared and 
individual flavour attributes. The fresh green berries of Piper nigrum are harvested and usually 
sun-dried, causing the outer skin (pericarp) of the berry to oxidise, producing a small black 
dried berry. White pepper is different in that the outer layer of the fruit is first removed before 
drying. As there is no oxidation, the inner seed remains white and provides a common 
alternative to the traditional black pepper. A number of flavor compounds are held within the 
skin of black pepper that are no longer present in white pepper. These significantly effect the 
flavour composition. The oxidation of the phenolic compounds present in green pepper leads to 
a 75% decrease in the phenolic content in black fruit. Dried, freeze-dried and canned green 
pepper products have a preservative added during processing, such as sulfur dioxide, that 
prevents the oxidation process. This colour conservation method can also be applied to ripe red 
fruit to give red pepper. The dried products are then most commonly ground and used in the 
cuisines of many different cultures (Parsatharathy et al., 2008).  
 
Black pepper is well known not only for its valuable flavor but also for its medicinal 
benefits. A considerable body of research has been conducted into assessing the effects of 
black pepper on human health. It has been well documented that Black Pepper oil can help 
with pain relief, rheumatism, chills, flu, colds, muscular aches, fevers, increased circulation, 
saliva flow, appetite stimulation and other digestive benefits (Parsatharathy et al., 2008; Pruthi, 
1993). Its antifungal and antimicrobial capabilities are also well documented (Singh et al., 
2004). With over 75% of the world’s population still relying on plants and their extracts as a 
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means of basic healthcare, the need for unraveling the benefits of plants and their products is 
obvious (Sasidharan & Menon, 2010).  
 
Because of their complex aroma and flavor composition, establishing the precise nature 
of the various compounds and the roles they play in the final consumer experience is a highly 
complicated and intricate science. Identification of compounds can often be difficult and the 
process by which one can attribute particular flavour notes to a compound with confidence can 
be difficult (Pfannkoch & Whitecavage, 2000). Black pepper has been the subject of numerous 
and extensive studies into the chemical composition of its flavour qualities, including both 
volatiles and non-volatiles. New techniques for analysis of both extracts and freshly released 
volatiles from the ground spice are being developed constantly, with regular improvements in 
compound extraction, sampling and separation technologies being published.  
 
Importantly, to really capture a true representation of the consumer experience, one 
needs to be able to replicate in the sampling method how pepper is commonly used by the 
consumer. The method also needs to use techniques that allow for the quantitative and 
qualitative analysis of an extensive suite of compounds. Most studies to date have used a 
combination of the sensitive, yet relatively non-quantitative Solid-Phase Micro-Extraction 
(SPME) method for sampling (Cardeal et al., 2006; Xu-Dong & Kazuhiko 2005) or the less 
sensitive static headspace techniques, combined with a sampling technique that allows 
compounds to be captured as the product is being freshly ground. 
 
Dynamic headspace sampling (DHS) using thermal desorption methods and Tenax TA 
cartridges (small cartridges containing a resin phase for volatile collection) has been shown to 
be an effective tool for assessing the aroma of foods and spices as it is sensitive, qualitative and 
quantitative (Pfannkoch & Whitecavage, 2000; Morales et al, 1994). This has not been 
successfully coupled with a method that replicates the real-life scenario of freshly grinding 
pepper as the consumer would commonly experience. A system that allows for the immediate 
capture of freshly released volatiles from ground pepper and that also enables both a 
quantitative and qualitative analysis of the aroma constituents would likely benefit the science 
that aims to try and unravel the flavor chemistry of spices. Methods such as this and other 
flavour analysis techniques will be discussed later in this review. 
 
 
 
 4 
1.1.2 TRUE AND FALSE PEPPERS 
 
Piper nigrum is not the only species of the Piper genus that can be used as a spice. 
Collectively, the group of peppers from the Piper genus is known as the ‘True’ Peppers 
(Ravindran, 2000). Interestingly, when pepper was initially adopted by the Romans it was not 
the traditional Piper nigrum that was the pepper of choice but the species Piper longum, which 
has a rather different aroma and taste. A variety of the different ‘true’ peppers are traded 
around the globe.  
  
A ‘false’ pepper can be defined as a dried spice product that is used for the same 
intention and purpose as traditional black pepper but is not from the Piper genus. That is; to 
give flavour to a dish, often characterized by a certain spiciness or pungency (Ravindran, 
2000). Historically, different cultures around the world have used something similar to black 
pepper to add a certain spiciness to their cuisine. Sichuan Pepper (Zanthoxylum sp.) has long 
been used by the Chinese and other neighboring countries and cultures. Commonly associated 
with the cuisine of the Sichuan region in China this false pepper is said to give a tingling ‘ma’ 
feeling in the mouth by locals and has a highly citrusy-floral-like aroma that has a definite 
pungency and spiciness. Similarly to black pepper, it is added to dishes in a dried form to give 
a special flavor and pungency (Yang, 2008; Austin & Felger, 2008; Jiang & Kubota, 2004). A 
large number of species of Zanthoxylum exist, with various applications, however, two main 
varieties are used for culinary purposes; Zanthoxylum bungeanum (Red Sichuan), native to the 
South-western regions of China, and Zanthoxylum schinifolium (Green), which is native to the 
more eastern areas of Asia, including Japan, Korea and East China. In addition to culinary 
applications, the Zanthoxylum species have been shown to have antioxidant, antimicrobial and 
anti-inflammatory capabilities and are used in various skin care products. Zanthoxylum 
americanum, which is native to North America, is referred to as the ‘toothache tree’ due to its 
anesthetic properties (Yang, 2008). 
.  
 
The Aframomum genus is an endemic genus of the tropical regions of Africa. Although 
a number of species of the genus have seeds with a pungent aromatic aroma it is the species 
Aframomum melegueta that is most commonly grown and holds most economic importance.  
Commonly known as ‘Grains of Paradise’, the small reddish-brown seeds have traditionally 
been used in African cuisine in a similar way to black pepper. The seeds and other plant parts 
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have historically been used as herbal remedies by West African peoples to help with 
constipation and fever (Ajaiyeoba1 & Ekundayo, 1999). 
 
The pungency of A. melegueta has mainly been attributed to a number of compounds 
present in the non-volatile fraction, with the main contributors to the volatile fraction being 
alpha- and beta-caryophyllene and a number of their oxides. The botany and growing 
conditions of this plant are different to black pepper, and it is a good example of a similar 
desire of different cultures to add pungent and aromatic spice to their cuisine (Ajaiyeoba1 & 
Ekundayo, 1999). Another example of false pepper being used in Africa is Selim Pepper 
(Xylopia aethiopica). This plant is also native to the central-western regions of Africa and is 
similarly used as a spice and herbal remedy. Most parts of the plant are used, however, it is the 
pod-like fruit that are of most interest commercially (Tairu et al., 1999). 
 
Nigella sativa is an example of a more subtle ‘false pepper’. Commonly cultivated 
throughout the Mediterranean and Asia, Nigella is most well known for its use in Indian Naan 
bread. The seeds become highly aromatic upon roasting and add a spicy and musty pepperiness 
to an otherwise simple bread (Hill, 2004).   
 
Undoubtedly, there are many cultures from various continents, in different climatic 
zones, with cuisines that are highly diverse that have historically placed a high cultural value 
on peppery spices in cuisine and medicinal products. Many true and false peppers have long 
been commercially important crops in many different nations. In a commercial context, 
however, some of these peppers remain relatively new products. With over 700 species, the 
Piper genus is prolific in its culinary potential (Ravindran, 2000). With such a huge focus on 
the species Piper nigrum, it is a shame to see that peppers with great potential are not of equal 
availability and economic importance. Some species such as the Voatsiperifery pepper, 
reportedly only having 1-1.5 tonnes of global production (Akessons Estate). Product 
development of these products within the boutique spice market may lead to enormous benefits 
for growers and consumers alike. False peppers such as Australia’s Tasmanian Pepper also 
have considerable potential for crop development and product improvement (Clarke, 2012). 
For both true and false peppers, the development of methods for the scientific characterization 
of their flavor properties, along with the initiation of a dialogue and language for their unique 
flavours is vital for industry progression (Smyth, 2010).  
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False: 
 
Table 1. Summary of 'False' Peppers found in countries around the world. The list was compiled using a wide 
variety of sources. 
Botanical Name Common Name Origin Plant part used 
Aframomum melegueta Grains of paradise West Africa,  Seeds 
Ampelopsis arborea Pepper vine Southeastern US Fruit 
Embelia ribes Vidanga, false pepper India  
Canella winterana Pepper cinnamon, wild 
cinnamon 
Caribbean Bark 
Lepidium virginicum  
(+ more Lepidium sp.) 
Virginia pepperweed, 
peppergrass 
North America Seedpods 
Litsea cubeba Mountain pepper China, Inodesia, Taiwan Fruit, root. 
Macropiper excelsum Kawakawa New Zealand Seeds 
Nigella sativa Kaljeera, Black cumin  Southwest Asia Seeds 
Peperomia concinna Pepper elder Tropics and sub-tropics, mainly 
the Americas and africa 
 
Pimenta dioica  
(+ more Pimenta sp.) 
Allspice, Jamaican Pepper Southern mexico, carribean, 
central America 
Fruit 
Persicaria hydropiper Water pepper Cosmopolitan Seeds and leaves 
Pseudowintera colorata New Zealand pepperwood New Zealand Leaves 
Satureja montana  Winter Savory Southern Europe Leaves  
Sedum acre Goldmoss Stonecrop, Wall 
pepper 
Europe (naturalised in south 
America) 
Leaf 
Schinus areira Sub species of ‘molle’ South America Fruit 
Schinus terebinthifolius Brazillian pepper, Rose 
pepper 
Sub-tropical and tropical south 
America. 
Fruit 
Schinus molle Peruvian pepper, American 
pepper,  
Peruvian Andes Fruit 
Tasmaninia lanceolata Tasmanian pepper South east Australia, tasmania Fruit and leaf 
Tasmaninia stipiata Dorrigo pepper South east Australia, tasmania Fruit and leaf 
Tasmaninia xerophila Alpine pepper South east Australia, tasmania Fruit and leaf 
Tropaeolum majus Nasturtium SA. Andes, Bolivia to Columbia Flower 
Warburgia salutaris Pepper-bark tree Africa Leaves  
Vitex agnus-castus Vitex, Monks pepper Mediterranean Fruit 
Xylopia aethiopica Ethiopian pepper, Negro 
pepper, Selim pepper 
African savanna Fruit 
Zanthoxylum piperitum 
(simulans, schinifolium, + 
more) 
Sichuan pepper Eastern China, Taiwan Fruit exocarp 
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True: 
 
Table 2. Summary of 'True' peppers commonly used for culinary purposes around the world. The list was 
compiled using a variety of sources. 
 
 
 
 
 
 
 
Botanical Name Common Name Origin Plant part used 
Piper aductum Matico Caribbean, south America, 
panama 
Fruits 
P. argyrites  Malaysia Bark 
P. auritum Mexican pepper leaf Mexico, Columbia, Caribbean Leaves 
P. baccatum  Java borneo Philippines fruit 
P. betel Betel pepper, Betel nut Malaysia, Southern Asia Leaves 
P. borbonense Voatsiperifery, wild pepper Madagascar Fruit 
P. caducibractium  Indonesia Petiole and Bark 
P. caninum  Malaysia, Solomons, Australia Fruit 
P. cubeba Cubeb pepper, tailed pepper Indonesia Fruits 
P. clusii  African cubeb Africa Fruits 
P.  guineense Ashanti pepper Central and west africa Fruits, leaves 
P.  interruptum Sakhane South east asia (Laos) Bark? 
P. lolot La-lôt pepper South east asia Leaf 
P. longum Long pepper India Fruit (immature) 
P. methysticum Kawa pepper Pacific islands Root 
P. nigrum Black Pepper Pantropical distribution Fruit 
P. peepluloides Long pepper Himalayas Fruit 
P. pseudonigrum    
P. retrofractum Javanese long pepper Malaysia Fruit (immature 
P. ribesoiodes Sakhane South east asia Bark? 
P. sanctum Mexican pepper leaf Mexico central america Leaves 
P. sarmentosum Cha-phlu India, Philippines Leaves and Fruit 
P. schmidtii Nilgiri Pepper   
P. siriboa Malaka amu, Bido   Fruit and leaf 
P. sylyaticum  India Fruit 
P. trichostachyon Pouched pepper   
P. wichmannii  Pacific islands Root 
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1.1.3 TASMANIAN PEPPER 
 
Tasmannia lanceolata, commonly known as Tasmanian Pepper (or Mountain Pepper or 
Native Pepperberry) is a tall evergreen shrub to tree that can grow up to 10 m high. Tasmanian 
Pepper is native to the temperate regions of south-eastern Australia, stretching from Tasmania 
into Victoria and Southern NSW. In Tasmania, its preferred habitat, it grows from sea-level all 
the way up into alpine regions. It is mainly found in cool temperate rainforests, wet, tall open 
forests and subalpine woodlands and shrubberies (Fitzgerald, accessed online 2012). The small 
black berry-like fruit and the dark green, glabrous aromatic leaves are both of interest to the 
culinary and fragrance industries (Dragar et al., 1998). 
 
Australian aboriginal peoples are known to have historically used Tasmannia 
lanceolata as a food within their cuisine (Pengelly, 2002). Interestingly, although the plant had 
not reached true commercial value until recently, the spice was identified and recognized 
almost since the beginning of European settlement in Australia. 
 
The colonial botanist, Robert Brown, one of the earliest botanists to visit Tasmania, 
reported in 1804 that Tasmannia lanceolata was ‘highly aromatic but accompanied with an 
exceedingly bitter & pungent taste’, and recognised its economic potential as a spice crop. 
Brown also referred to it as being potentially ‘too pungent’, which perhaps explains why the 
spice never really took off commercially, as it may have been simply too intense a flavour for 
the recent European settlers (Moore, 2000).  
 
Tasmanian Pepper was first formally recorded as being used like a pepper in 1915 
(Sturtevant, 1919), although it did not really establish itself as a commercial crop until the 
1980’s when international interest from Japan indicated its potential commercial viability. This 
interest was stimulated by the flavour properties of the plant extract, which is now used as a 
flavour ingredient in some wasabi pastes. Since this increased interest in the pepper, the 
biggest struggle for the developing industry has been in securing the level of production 
needed to satisfy the growing market, satisfying international product registration requirements 
and ensuring that the product is of consistent quality through extensive varietal research and 
breeding programs (Menary et al., 1999). 
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Research into different clones of the plant has revealed that there is a large variation in 
what has been recognized as one of the key flavour components - polygodial. Polygodial is the 
compound that gives the intense bitter, lingering heat that is strongly associated with the 
flavour of Tasmanian pepper. The selection of native variant plants in recent times based on 
their leaf and berry flavour attributes and agronomic potential has allowed for the development 
of a more formal industry. The pioneering cottage industry of the early 1990’s is now 
becoming a recognized commercial enterprise. Diemen Pepper is currently the largest single 
producer of Tasmanian Pepper, selling different processed forms of both the leaf and berry. 
The Pepper farm has been constructed upon abandoned farming and forestry sites and research 
into the agronomy and best practices for harvesting, crop development and processing are 
ongoing (Clarke, 2012). Although the crop  is grown and harvested on a commercial scale, 
agronomic knowledge is still wanting compared to other food crops. The aboriginal people 
were traditionally hunter-gatherers, not agriculturalists, so little if any agronomic information 
was available during the early stages of crop development. 
 
Different plant parts and processed forms of the Tasmanian pepper plant are used. The 
fruit are used dried whole, freeze-dried, fresh or milled to add spice to foods. Pepper berries 
may be added to products such as relishes, sauces, mustards, soups and flour mixes. Their 
unique fruitiness and spiciness also make them suitable for addition of preserved meats, 
cheeses, pastas and pates. The berries contain a strong purple die that is released into the food 
to give a characteristic colour. Commercially, Tasmanian Pepper leaf comes in dried whole 
form, dried and milled to various degrees, or whole fresh sprigs. Leaf extract is also produced 
as a solvent extract and has been added to olive oil blends and confectionary (Clarke, 2012).  
 
Pepper berries are harvested from March until mid-July (Autumn to early mid-Winter – 
for northern Hemisphere readers). They may be stored and retain quality for several weeks at 
1- 2 °C. The fruit are most commonly air dried at 30 - 45 °C using warm air dryers to produce 
berries similar in shape and appearance to those of black pepper. Dried berries are best suited 
to fine grinding, similar to that of coffee espresso. The freeze-dried berries are a premium 
grade product that retain their flavour well and are easily reconstituted (Clarke, 2012).  
 
With the rise in interest of Tasmanian Pepper in the early 2000’s, mainly initiated 
through Essential Oils of Tasmania, the scope and extent of research increased. A number of 
Australian native foods have recently been shown to have great health benefits, with recent 
studies showing the Kakadu plum to have the highest known levels of vitamin C in any known 
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living plant (Konczak et al., 2010). This new status as potential superfoods has led to the 
native foods industry investing further research into understanding how these foods may 
benefit consumers. 
  
Health benefits of Tasmanian pepper have been linked with the presence of the key   
compound, polygodial, which has attracted attention for its antimicrobial and antifungal 
properties (Munoz-Concha, 2006). The plant has also been recognized as having high 
antioxidant levels and anti-cancer effects (Sakulnarmrat et al., 2013). Konczak and others have 
shown that the antioxidant capacity, total phenolic and anthocyanin levels in Tasmanian pepper 
are greater than most other commonly eaten berries. The phenolic content of Tasmanian 
Pepper is interestingly comparable to that of black pepper. The leaf of Tasmanian Pepper is a 
considerably stronger antioxidant than the berry under most tests for antioxidant capacity 
(Konczak et al., 2010). 
 
As the food and cosmetic industries have gained respect for the spice, research into 
potential applications and uses has increased. Recognition of the unique flavour qualities of 
Tasmanian Pepper, along with other Australian native foods, has increased in recent times and 
the need to fully characterize these flavours is underway (Smyth et al., 2012) A guide to the 
flavours of Tasmanian Pepper and other Australian native foods, aimed at supplying product 
information to help increase interest in the products in the food market has recently been 
released (Smyth, 2010). This guide to the unique flavours of Australian bushfoods finally gives 
formal dialect and language power to these interesting new products. The document describes 
Tasmanian Pepper leaf as ‘aroma of Australian bushland, dry paperback and herbal, with an 
intense heat which slowly develops on the palate’. It describes Tasmanian Pepper berry as 
‘aroma of Australian bush-scrub with perfumed, fruity lolly notes with a lingering heat on the 
palate’. The development and characterization of these new flavour descriptors, such as ‘bush-
scrub’, has allowed for a better sensory description of these Australian native food flavours.  
 11 
 
 
Fig 1. Sensory lexicon for describing the aroma and flavor of Australian native plant foods and ingredients 
(Smyth et al., 2012). 
 
Although a great deal of work initially went into the chemical analysis of plant extracts, 
there has been minimal investigation into the aroma compounds released from the freshly 
ground spice. Now that the flavour wheel and descriptors have been developed for Tasmanian 
Pepper and many other native foods, chemical analysis joining the dots between sensory 
descriptors and their actual chemical compound contributors is necessary. Understanding how 
to best market this product is also vital. 
 
The Tasmanian Pepper industry hit a high in the early 2000’s when demand far 
outstripped supply. This led to an increase in production and investment in quality control and 
product development. However, a new document released in 2012, showed that there is now a 
greater supply than there is demand for the product (Clarke, 2012). Most of the investment 
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went into aspects of production, with little investment in market development and expansion, 
with the result that the demand has not increased significantly. Despite the recent increase, 
production is still small in scale, and it is estimated that with a modest investment, production 
could be doubled. Farm gate value is estimated at around $330,000 with a total retail value of 
around $1,000,000. Recent changes in food safety and quality requirements has led to the need 
for investment in proof of product safety, which has been expensive for the industry but has 
reduced the risk of negative market impact by small producers releasing sub-standard produce. 
There has been an increase in mechanisation and a concentration of production to larger 
producers who can satisfy the obligatory legal requirements (Clarke, 2012).  
 
The 2012 industry report outlined the main strengths and weaknesses of the industry. 
The main strengths were recognized as being the unique and desirable flavour properties of the 
product itself, along with the recent employment of good quality assurance practices from 
larger producers and processes. The current domestic and export markets were recognized. The 
large genetic diversity available for breeders gives hope for crop development improvements 
and the unique properties of the product indicate potential for expansion in the areas of 
cosmetics and food preservatives. The plant itself has potential as an ornamental and may also 
be beneficial in land rehabilitation programs (Clarke, 2012). 
 
The main industry weaknesses were reported as the continuing limited investment in 
developing markets and product awareness. Issues with production related to unreliable and 
sometimes poor berry yields would benefit from breeding and research programs. The lack of 
investment in production systems, particularly by small scale producers along with illegal wild 
harvesting are also seen as issues that need to be addressed. Other threats to the industry 
include loss of wild harvested material to timber plantations and the loss of a price premium in 
the market, due to investment by low cost of production countries turning it into a commodity 
product (Clarke, 2012). 
 
Although there is much room for improvement within the industry, with the increased 
production in recent times and the ongoing effort into various research objectives into the 
improvement of Tasmanian pepper as a viable spice crop, it is possible to envision it having 
potential to make a great international impact in coming years. As chefs from around the globe 
continue their search for new and interesting flavours, and as cosmetic companies scan for 
interesting new aromas and plants with new health benefits, Tasmanian Pepper is steadily 
preparing its entry into the international scene, where it will be up against the best of the best 
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in the spice trade. Standing alongside traditional Black Pepper, the greatest and most traded 
spice in the world, Tasmanian Pepper undoubtedly has the potential to make an impact on the 
palate of those that indulge.  
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1.2 PEPPER FLAVOUR CHEMISTRY AND EXTRACTION 
 
Flavour is considered to be a combination of taste and aroma. Taste and aroma are both 
determined by the simultaneous stimulation of the chemical sensors in the nose and mouth, 
where sensory receptors send signals for integration by higher brain centres. Different flavour 
compounds stimulate, and are recognised differently by both the aromatic and taste sensory 
systems in humans. Our perception of flavour may also be affected by what we see. In fact, we 
usually see something before we consume it and this initial visual assessment greatly 
determines whether we will choose to eat the food. Once this visual assessment has been made 
and the decision is taken to eat the food or beverage the real sensory flavour analysis begins 
(Small & Prescott, 2005; Laing & Jinks, 1996).  
 
A wide variety of chemical stimulants are released during the chewing (mastication) 
process. The volatile components move up and into the nasal cavity, stimulating odour 
receptors, whilst the saliva in the mouth moves the non-volatile components to oral receptors 
in the mouth and tongue. Odorants stimulate receptors in the nose, whereas tastants stimulate 
areas in the mouth. Irritants stimulate receptors in both the mouth and nose (Laing & Jinks, 
1996).  
 
The neural processing involved in determining odorants is highly complex. In brief, the 
odorant stimulates receptors that send action potentials that meet in bulbar cells found in the 
olfactory bulb in the brain and other brain structures. A characteristic spatial ‘map’ for the 
odorant is produced, which is then sent to other parts of the brain, including memory, which 
then triggers motor responses to the odorant. Understanding this process inevitably lead to the 
development of the electronic nose (Small & Prescott, 2005).  
 
Odorants can be classified into a vast array of categories, whereas tastants can be 
broken down into the five simple categories of sweet, salt, sour, bitter and umami. Each tastant 
has a point of sensitivity within the mouth, whether it is at the front, rear or sides of the tongue, 
cheeks or oesophagus. There are two main theories as to how taste information is transposed in 
the brain, both of which are currently thought to contribute to the whole sensory experience. 
The ‘across fibre’ or ‘pattern theory’ is based upon studies that indicated that taste receptors 
respond at different firing rates and with different intensities to the 5 different tastants 
mentioned above. This produces a unique patterned response across a collection of cells that 
characterises each tastant. This theory is similar to the spatial mapping theory of odorants. The 
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alternative theory, the ‘labelled line’ theory suggests that the five different tastants are detected 
in five separate receptor cells and information is passed to the brain through independent 
channels. It is currently theorised that both processes are involved (Laing & Jinks, 1996). 
 
The response to different irritants can occur at different points in the mouth and nasal 
cavity, however, there is a lack of understanding of how the information is coded. The 
understanding of flavour science, including the composition of flavours in food and the 
complexity of the relationship between these flavour stimuli and the human sensory system, is 
extremely complex and intricate (Laing & Jinks, 1996). The fascination and love that people 
maintain for their food drives a passion for furthering our understanding in the area. 
Understanding the importance of both the non-volatile and volatile fraction of foods has led to 
the realisation that both fractions need to be studied and characterised to give an overall 
reflection of flavour and the eating experience. The development of chromatographic 
techniques and sensory assessments is allowing for the joining of the dots between the 
chemistry of food and its actual quality and sensory impact. 
 
The two fractions in food that can be analysed for flavour impact are the non-volatiles 
and volatiles. There are various methods for extracting these fractions and various techniques 
for separation and identification of their components. The following is a summary of the three 
main forms of analysis that can be deployed in analytical and sensory studies. The three forms 
are the most commonly found in the food and fragrance industries.  
  
Essential oils play both a large role in the fragrance and cosmetic industries because of 
their unique health and aromatic qualities. They are also used in the food industry (Sangwan et 
al., 2001). Oleoresin extracts (or alcohol extracts) are most commonly associated with the food 
industry, where they can be added to processed and preserved foods because of their positive 
flavour attributes and potential to increase shelf life (Tipsrisukond et al., 1998). Fresh aroma is 
something that the consumer comes into contact with daily. The compositions of volatile 
constituents in foods are often a good indication for consumers of food quality and spoilage 
(Jagella & Grosch, 1999). In black pepper, a product that is best served freshly ground, it is 
primarily the odour that is enjoyable and memorable to the consumer. However, one cannot 
ignore the pungency given by the non-volatile constituents that also play a key flavour role 
when added to cooked foods (Ugwuona, 2010).  
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The essential oils, alcohol extracts and fresh aroma must all be considered for analysis 
when considering the overall flavour components and possible experiences the consumer may 
have with black pepper, and spice in general.  
 
 
1.2.1 ESSENTIAL OIL 
 
Aromatic plants, or more recently their derived essential oils, have been used in 
religious ceremonies, as natural remedies and for personal use since before the earliest records 
of mankind. As key ingredients of the ever-growing perfumery and cosmetic industries, their 
demand is increasing. As the uses for these compounds continues to diversify and their demand 
increases, the international trade of these products is expected to increase tremendously. The 
level of research being conducted into the essential oils of different plants and the development 
of strategies to improve essential oil content and quality is impressive (Sangwan et al., 2001). 
 
Along with use in the perfumery and cosmetic industries, essential oils have been 
shown to aid in gastric discomfort, flatulence and to stimulate appetite. They have also been 
shown to have antiseptic, carminative, stimulative, expectorant, diuretic and a number of other 
benefits relevant to the pharmaceutical industry. The inhibitory and aggressive nature of these 
oils, that were developed by plants mainly as defence mechanisms, have been turned to our 
advantage. The potent properties of essential oils have clear beneficial qualities in the fight 
against both bacterial and fungal diseases (Sasidharan & Menon, 2010). 
 
Black pepper contains around 2-5% pepper oil. It is this volatile fraction of black 
pepper that has been widely studied. Some work has been completed on other forms of the 
processed berry, with various different species of the Piper genus also having been studied. 
The leaf of the Pepper vine often goes to waste and research into its oil constituents has 
revealed it also contains many of the key active components that are beneficial to health 
(Sasidharan & Menon, 2010). Essential oil from black pepper stores far better than the dried 
unextracted spice, furthering its commercial attraction (Perakis et al., 2005). 
 
The essential oil of black pepper has traditionally been extracted using steam 
distillation techniques (Parsatharathy et al., 2008). Two different methods are available for 
distillation. Hydro-distillation involves the heating of the sample matrix suspended in water 
within a vessel that has a condenser fitted above. As the water and oils enter the vapour phase, 
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they rise into the condenser, condense and are collected where the water and oil can then easily 
be separated. After separation, the water soluble fraction of organic volatiles can then be 
separated from the water. The other method, steam distillation requires steam to be passed 
through the vessel that contains the water sample matrix. This yields a similar condensate as 
the end product. The separated essential oil is usually pale-white to light yellow-green in 
colour and maintains a warm, peppery aroma (Augusto et al., 2003; bin Jantan et al., 1994). 
 
Simultaneous distillation-extraction (SDE) is an alternate distillation method. This 
method involves the use of both water and a solvent. This enables for the collection of the 
organic phase in a solvent. Other distillation techniques include vacuum distillation, which 
assists in reducing the temperature that the sample needs to be heated to, a factor that can result 
in compound degradation (Augusto et al., 2003; Chaintreau, 2001). 
 
Although steam distillation is effective and remains a key technology in the essential 
oil industry, some more elaborate techniques, such as supercritical fluid extraction, were 
developed in the early 1990’s. These new technologies and methods for essential oil extraction 
have since become an adopted and popular alternate option in the essential oils industry 
(Parsatharathy et al., 2008). With the significant market for essential oils, the more efficient 
and effective the extraction process is, the greater the economic benefit to the industry will be.  
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Figure 1. Clevenger-like apparatus (Karioti et al., 2004) 
 
 
Like vacuum distillation, the direct extraction procedure of supercritical fluid extraction 
(SFE) using supercritical CO2 allows for oil extraction at far lower temperatures, allowing for 
the protection of volatiles from thermal or solvent degradation. Many studies have been 
completed on pepper oil extraction using this technique. However, more work could be 
completed towards understanding of the variables within the extraction process (Perakis at al., 
2005, Augusto et al., 2003). Other direct extraction methods include the more simple liquid-
liquid extraction (LLE), which uses two different liquid phases to separate compounds based 
on their respective solubilities, and solid phase extraction (SPE), which requires the desired 
analytes in solution (the mobile phase - for example orange juice) to be directly passed through 
a column (or other form of stationary phase) to be absorbed and separated based on their 
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chemical and physical properties. Separation occurs based on the affinity between the two 
phases. These direct extraction methods are not very effective for complete essential oil 
volatile characterisation, but rather are useful for examining certain groups of compounds in a 
sample (Augusto et al., 2003). 
 
The enthusiasm shown towards essential oil characterisation really came to life with the 
entrance and development of gas chromatography. Combined with improved extraction 
techniques, this aided in the more complete and accurate collection and separation of 
compounds. With the introduction of spectrometric techniques for compound identification and 
the gradual increase in spectral libraries, the rapid separation and identification of essential oil 
compounds became easier and more time and cost effective (Augusto et al., 2003). Methods 
for compound capture and analysis will be discussed further in following chapters. 
 
The extraction and analysis of pepper essential oil under the early classical methods of 
derivatisation and degradation revealed a number of important aroma compounds including; 
alpha and beta-pinene, apha-phellandrene, limonene, piperonal, beta-caryphyllene and 
piperidine (Hasselstrom et al., 1957). Since these early analyses, over 200 compounds have 
been identified from the essential oil fraction of black pepper (Cardeal et al., 2006). 
Parsatharathy et al. (2008) summarised the compounds into the species groups of monoterpene 
hydrocarbons and their oxygenated compounds, sesquiterpene hydrocarbons and their 
oxygenated compounds and some miscellaneous compounds. Monnoterpenes make-up around 
70-80% of the steam distilled essential oil fraction. The remainder are 20-30% sesquiterpenes 
and around 4% oxygenated compounds. Different extraction processes, pepper cultivars and 
growing regions will yield varying percentage contributions from each of these broad 
compound categories. 
 
The key and most commonly identified monoterpenes from the essential oil of black 
pepper have been identified as camphene, delta 3-carene, p-cymene, limonene, myrcene, cis-
ocimene, alpha-phellandrene, beta-phellandrene, alpha and beta pinene, sabinene, alpha and 
gamma terpines, terpinolene and alpha-thujene. Along with these monoterpenes, a wide array 
of oxygenated monoterpenoids have been identified including key compounds such as; 1,8 
cineole, linalool, cis and trans sabinene hydrate, alpha-terpeneol, piperitone and nerol just to 
name a few (Parsatharathy et al., 2008).  
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Commonly identified sesquiterpene compounds include the major beta-caryophyllene 
as well as cis and trans bergamotene, beta-bisabolene, delta and gamma cadinene, calamine, 
alpha-copaene, alpha and beta cubebene, ar-curcumene, beta and delta elemene, beta-
farnesene, alpha-guaiene, alpha and gamma humulene, gamma muurolene, alpha santaline and 
alpha and beta selinene. A number of oxygenated sesquiterpinoids including caryophyllene 
oxide, cubenol, cubebol, beta-bisabolol, elemol and gamma-eudesmol have also been identified 
(Parsatharathy et al., 2008).  Along with the mono and sesquitepenes and their respective 
oxygenates there are a large number of other compounds present in pepper aroma. Eugenol, 
methyl eugenol, safrole, piperonal, cinnamic acid, piperonic acid, piperidine, butyric acid and 
n-nonane,  to name a few (Parsatharathy et al., 2008, Narayanan, 2000). 
 
The compounds listed above are a mere summary of the most frequently found 
compounds in black pepper oil and it is important to note that they do not contribute equally 
towards flavour. They are not present in equal amounts and their relative contribution to aroma 
varies hugely. Using dilution and concentration techniques, Jagella and Grosch (1999) 
identified beta linalool, alpha phellandrene, (-)limonene, myrcene, alpha-pinene, 3-
methylbutanal and methyproponal as being key contributing volatile compounds to the aroma 
of black pepper.  
 
It is important to introduce the idea of odour and taste threshold values. This is the 
minimum amount of a compound that can be detected by the human nose or taste buds (van 
Ruth, 2001;van Ruth and O’Connor, 2001). This value allows for some level of scaling to be 
introduced to compare compound intensity. It is also important to recognise how subjective 
flavour science can be. Some compounds simply are not detected in the olfactory systems of 
some humans. In fact the key pepper odorant identified in Shiraz wine, which is also thought to 
be the key peppery odorant in black pepper, goes undetected by 20% of the population (Wood 
et al., 2008).  
 
There has also been wide variation in the composition of compounds found from 
different studies on black pepper flavour. Variations in cultivar, growing and climatic 
conditions, ripening at harvest, processing techniques and storage conditions all play a role in 
the retention and make-up of volatile constituents in the final product (Parsatharathy et al., 
2008). This probably accounts for the vast majority of differences across studies, and for the 
consumer perception that there is diversity of flavour in the black pepper they purchase. 
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1.2.2 OLEORESIN 
 
Oleoresins are solvent extracts from foods or spices that are usually extracted for use in 
food technology and food flavouring (Borges & Pino 1993). Oleoresins are usually prepared 
by exposing the flavouring constituents of the product to a solvent through grinding. Grinding 
assists in the more rapid and efficient extraction of volatile and non-volatile components of the 
spice (Murthy et al., 1991). Pepper has historically been extracted using acetone or chlorinated 
solvents. However, with the health issues associated in using chlorinated solvents their use has 
been banned in many countries. Food-safe acetone and ethanol have been used as safe 
alternatives (Borges & Pino 1993).  
 
Once the solvent has extracted the compounds from the spice, the solvent can be 
distilled-off to leave the volatile oil and non-volatile fractions (mainly piperine). After 
removing the solvent, the oleoresin goes through decolourisation, blending and addition of oil 
to preserve the flavour. This allows for the production of a standard industrial food product 
(Borges & Pino 1993). 
 
Singh et al. (2004) found that once the volatile oil has been removed from black pepper 
the main compounds extracted through solvent extraction were piperine (34 %), piperolein B 
(13.73 %), various unidentified alkaloids of molecular weight 361 (sum 11 %), piperamide 
(3.43 %) and pierettine (2.76 %). The exact composition and their relative concentrations vary 
between studies and varieties. 
 
Spice oleoresin extractions have a few main benefits when compared to freshly ground 
or prepared spice. Firstly, the shelf life of spices is a huge issue due to evaporation and 
oxidation of important volatile components. The storage requires strict climate control to 
ensure there is no spoilage or rapid degradation. Oleoresins are more stable, resulting in less 
net loss of volatiles over time. They are also more concentrated and easy to store and transport. 
There are fewer issues surrounding quarantine products that have been effectively sterilised 
during the extraction process (Borges & Pino 1993).  
 
A reliable, consistent and hygienic food product can be created using oleoresin 
extraction techniques. Oleoresins contain higher levels of natural antioxidants when compared 
to essential oils, which make them naturally more stable over time and less prone to flavour 
damaging oxidation (Shaikh et al., 2006; Borges & Pino 1993).  
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The main disadvantages of oleoresin extractions include alteration of the chemical 
profile due to the change of compounds by solvent and temperature degradation and the 
expense of solvents. Important key aroma volatiles can also escape during the distillation 
process, leading to a lower quality product. Recent studies have been aimed at steering away 
from using chlorinated solvents, towards the use of cheaper food grade solvents such as 
ethanol. There is also a shift towards extracting the essential oils using hydro-distillation or 
liquid CO2 extraction before extracting the oleoresins in order to reduce quality loss (Borges & 
Pino 1993).  
  
Although oleoresins are chemically stable compared with the pure dried spice and its 
extracted essential oils, there is still degradation of volatiles over time. Due to oxidative and 
polymeric changes over time there is an alteration in both the important fatty acid and volatile 
monoterpene constituents, leading to changes in the sensory attributes of the product (Shaikh et 
al., 2006). To protect against this oxidative damage, studies have been performed looking into 
the microencapsulation of pepper oleoresin. Emulsification of Gum Arabic or modified starch 
with the oleoresin followed by spray drying, results in the development of a protective wall 
around the oleoresin oils. This leads to an increase in retention of Piperine, volatiles and other 
non-volatiles. Gum Arabic has been shown to be a more effective shell material then modified 
starch, however, both have been shown to be more effective in flavour retention than free 
oleoresin (Shaikh et al., 2006). 
 
Pepper oleoresins (along with essential oils) have been shown to have high antioxidant 
capacities. Singh et al. (2004) demonstrated that Piper nigrum extract has antioxidant efficacy 
as well as an ability to suppress the fungal growth of both Aspergillus and Penicillium sp, two 
of the most common and dangerous spoilage fungi. The biodegradation of fats and oils by 
these and other fungi and bacteria also leads to the development of rancid flavours in fatty 
foods. Together these identified antioxidant and antimicrobial effects have led to studies 
looking at the efficacy of pepper oleoresin as a stabiliser for different food products. 
 
Meat spoilage and deterioration is often due to the oxidation of tissue lipids. Ferric and 
ferrous irons in haemoglobin cause the oxidised tissues to transform into unpleasant volatile 
aldehydes and ketones. The antioxidant properties of different food and plant extracts have the 
ability to inhibit this oxidation process and effectively help manage meat preservation. 
Different spices have a variety of different antioxidant compounds meaning they have a varied 
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effect on different food types. A number of studies have assessed the effects of pepper 
oleoresin on pork stability. These studies determined that with increasing oleoresin application 
there was a steady increase in pork stability in cooked pork samples. Pepper essential oil has 
this ability to reduce spoilage in cooked pork (Ugwuona, 2010; Tipsrisukond et al., 1998).  
 
Traditionally, pork and other foods have been stabilised using various synthetic 
compounds, such as butylated hydroxyanisol and butylated hydroxyl tolouene, which are now 
recognised as being potentially damaging to human health. The discovery and use of natural 
preservatives is therefore of high importance (Singh et al., 2004). The antioxidant capacity and 
food preserving potential has not only been shown in Piper nigrum but also in studies on Piper 
cubeba and Piper guineense, indicating the viability and potential of the other true peppers on 
the market (Singh et al., 2007; Ugwuona, 2010; Tipsrisukond et al., 1998).  
 
Along with the essential oils, oleoresins are the other main valuable commercial 
product extracted from dried pepper. These are not as valuable as the spice in its purest form 
but do provide an alternative when the spice needs to be stored for a long period of time. When 
examining the commercial improvement of a spice of importance, both of these extracts should 
be studied in order to realise its true commercial value and potential (Singh et al., 2007). 
 
 
1.2.3 GROUND SPICE 
  
Essential oils and oleoresins are the two main manufactured products derived from 
pepper. They have extensive applications and are of obvious economic importance. However, 
by far the most recognisable form of black pepper to the consumer is the whole unground 
product (or cracked). This little dried black berry is the single most important and familiar 
spice on the planet and it is easy to understand the passion behind uncovering all its flavour 
secrets (Parsatharathy et al., 2008).  
 
In addition to the distinct effects of piperine on the tongue, the most admirable 
sensation gained from black pepper is capturing the aroma as it is freshly released from 
grinding. The grinding process breaks open storage spaces where these aromatic volatiles are 
held and releases them into the surrounding air (Murthy et al., 1999). The complexity of aroma 
and particularly pepper aroma is something that still remains relatively poorly understood, 
which is somewhat surprising given the vast amount of research that has gone into this area. 
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The need for identification and quantification of freshly released volatiles has required the 
development of new techniques and methods.  
 
The desire to understand how different volatiles react with the human olfactory system 
has led to a number of interesting inventions and means of characterising aroma. Firstly, it was 
recognised that without linking the intensity response of a gas chromatograph reading to a 
human response, there would be little effective information gathered. Some of the most 
important compounds in food aroma may be present in only tiny amounts when compared to 
other volatiles. The introduction of gas chromatography-olfactometry (GC-O) led to the ability 
to relate quantifiable amounts of a volatile to the response intensity experienced by the 
consumer (van Ruth, 2001).  
 
The basic principle of this method involves the separation of volatiles using 
chromatography based on the compounds boiling points and their affinity to bind with the 
column phase. Unlike in most chromatographic techniques, which usually end up burning or 
altering the eluting compounds to help identify and/or quantify them, the compounds are 
allowed to elute out of the column where a person can directly experience them. The 
development of the ‘electronic nose’ has added additional information on the importance of 
various compounds to the subjective consumer experience (van Ruth, 2001, van Ruth & 
O’Connor, 2001).  
 
The electronic nose concept is built around the development of a system that samples, 
detects, identifies and quantifies an odour from a sample. There are various sensors that 
together act to give a fingerprint for a compound. Ongoing use and running of standards with 
known odours allows for the development of a library that can be referred to for new samples. 
This effectively allows for the computerised quantification and qualification of volatiles 
released from a sample, and some valuable information on how it may be experienced by 
consumers. Unfortunately, compounds sharing similar chemical and physical properties can 
often have greatly different odours and miss-matches can often occur (Deisingh et al., 2004; 
Mamatha et al., 2007). 
 
Identifying and characterising the aroma of every compound in a food sample is both 
difficult and laborious, however, it is necessary in order to gain the complete picture of the 
aroma profile of a product.  
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As mentioned, different compounds have different levels of response in the human 
olfactory system and their relative contributions to overall aroma vary. Until recently, the 
unique peppery aroma of black pepper was considered to be attributed by the collective 
combination of a number of different volatiles, including alpha-phellandrene, limonene, 
linalool, alpha-pinene and myrcene. However, a recent study by Wood et al. (2008) has 
identified the first aroma compound that has a uniquely peppery aroma as Rotundone (Figure 2 
below). It is present in extremely small concentrations, yet its odour impact level is extremely 
high, rendering it highly aromatic and ‘smelly’ to the human olfactory senses. Although this 
compound had previously been described, it had not been noted as peppery. It was also 
established that rotundone is undetectable by the olfactory systems of 20% of the population 
(Wood et al., 2008; Siebert et al., 2008). This has huge consequences in the discussion about 
the subjectivity of flavour preferences, especially amongst the wine loving community. If 
people can have such a different taste experience when trying the same product it makes 
characterising the flavour of that product very difficult. Perhaps peppery wine should be 
marketed as ‘with pepper notes – as detected by the 80 % of consumers who can detect them – 
otherwise relatively rounded with little spice’.  
 
 
Figure 2. Structures of (-)-rotundone and d5-rotundone (Siebert et al. 2008) 
 
The process of identification of rotundone and the confirmation of its aroma properties 
was exhaustive and it immediately points to the challenges presented to aroma science. 
However, it also highlights the potential revelations that can be made in understanding the 
flavours of our favourite food and beverages. 
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1.3 METHODS FOR FLAVOUR SAMPLING AND CHARACTERISATION 
 
There are many innovative and technical instruments for analysing food chemistry, 
including high performance liquid chromatography (HPLC) and gas chromatography (GC) 
coupled with mass spectrometry (MS). However issues remain with sampling, as the sample 
matrix itself can rarely be directly injected. Typically, more than 80 % of time is spent on 
sample preparation steps in these analytical methods. Finding new, efficient and effective 
sampling methods is a constant focus of current research (Kataoka et al., 2000). 
 
There are various methods that have been established for analysing and characterising 
flavour. All have advantages and limitations, so when choosing a method to analyse a sample it 
is important to have a good understanding of what it is you want to know. Some methods such 
as HPLC are designed for looking at certain specific compounds or groups and this method is 
not usually used for a complete profiling of a product (Merken & Beecher, 2000).  
 
Gas chromatography is the most common form of compound separation of essential oil 
extracts and freshly captured aroma compounds. Gas chromatography techniques have the 
potential to rapidly separate and identify a wide array of different important flavour 
compounds in a gas or liquid sample (Grob & Barry, 2004). There are various forms of Gas 
chromatography. Determining odour and taste impact values for the different compounds that 
contribute to aroma, along with their actual flavour attributes helps to join the dots between 
analytical chemistry and the actual consumer experience (Acree et al., 1984). 
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1.3.1 HEADSPACE GAS CHROMOTOGRAPHY 
 
The gaseous phase air space above or around a volatile emitting sample is known as the 
headspace (HS). There are a number of techniques commonly used for sampling the volatiles 
in this airspace. The headspace can be directly sampled using a syringe or sampled using 
sorbent devices or cold traps. Most of these sampling methods have in common their 
combination with the use of Gas chromatography (Pfannkoch & Whitecavage, 2000).  
 
Gas chromatography is ideal for assessing volatiles, as it separates compounds mainly 
based on their varying boiling points. The main form of detection used in qualitative analysis 
in headspace studies is Mass Spectrometry (MS). Mass spectrometry works by calculating the 
mass to charge ratio of the compounds being analysed. In Gas chromatography the separated 
compounds enter the mass spectrometer, where they are then vaporised and ionised using an 
electron beam, resulting in the formation of charged ions. These charged ions are separated by 
an electromagnetic field depending on their mass to charge ratio. The ions are then detected 
and a mass spectrum is produced. Each individual compound has its own mass spectra and 
although there can be overlap, this method coupled with the use of internal standards allows for 
the identification and quantification of compounds eluted from a GC (Sparkman & David, 
2000).  
 
 
1.3.1.1 STATIC HEADSPACE 
 
Static headspace sampling is the oldest and simplest method for headspace sampling. A 
sample of air in contact with the emitting sample is directly sampled and injected into a gas 
chromatograph (or other appropriate instrument). Issues quickly arise in food and fragrance 
analysis with regards to the concentration of analytes in a sample. No pre-concentration 
techniques are employed to concentrate the analytes to increase their response and detection 
sensitivity (Penton, 1992). Although this is often a problem, Clarkson and Cooke (1996) 
showed it is not always necessary to pre-concentrate analytes. Their studies looked at tobacco 
aroma using static headspace sampling, coupled with high volume injection ports. They found 
this to be more successful than other methods, such as dynamic headspace, that pre-concentrate 
samples.  
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Static headspace remains a generally non-preferred method of aroma sampling in 
flavour analysis. It can be of benefit, however, when only the main components are of interest. 
In this scenario, they may be identified and effectively quantified per unit mass of sample (g 
Pfannkoch & Whitecavage, 2000). 
 
One of the main principles underlying sampling techniques for static headspace (and 
other chromatographic headspace techniques) is the effect of the partition equilibrium of the 
compounds of interest on the detection sensitivity. If the partition equilibrium coefficient of the 
volatile compounds of interest is low, then sensitivity can be increased by reducing the amount 
of sample in the sampling vial. However, if the partition coefficient is high, then the addition 
of salt, water and heat will all aid in extraction and increase detection sensitivity. These 
parameters must all be considered when optimising for this extraction procedure (Penton, 
1992). 
 
 
1.3.1.2 SPME (Solid Phase Micro-Extraction) 
 
 Solid phase micro-extraction (SPME) sampling was developed in 1990 and has proven 
to be a reliable, simple and convenient method for headspace sampling. The SPME fibre is 
exposed to a samples headspace for a suitable period of time and is then thermally desorbed in 
the injection port of a gas chromatograph (Kataoka et al.,2000).  SPME is considered by many 
as the best choice for many flavour and fragrance analyses. 
  
 The SPME device includes a fibre holder with a needle inside that contains the SPME 
fibre. There is a spring-loaded plunger that enables the fibre to be exposed to a sample. There 
are different fibre coatings that have different absorbance properties for polarity and retention. 
The fibres have a fused-silica core, which is then coated in a film of various different 
polymeric stationary phases based on the compounds that are being sampled. When exposed to 
a sample matrix, the analytes bond to this stationary phase. The different stationary phase 
options allow for sampling of not only different compounds, but also in different 
gaseous/liquid phases. Once the fibre has been conditioned in the GC injector it can be exposed 
to a sample (Augusto et al., 2003; Katoaka et al., 2000).  
 
Sampling usually occurs in a sealed vial or vessel. The needle is injected through the 
septum of the sealed vial and the fibre exposed for the desired period of time. The analytes 
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bind to the stationary phase of the SPME fibre. Maximum sensitivity for SPME is achieved at 
the partition equilibrium (the two different phases in equillibrium). However, as there is a 
proportional relationship between the amount of analyte adsorbed by the fibre and its initial 
concentration in the sample matrix before reaching the partition equilibrium, equilibration is 
not necessary for quantitative analysis (Katoaka et al., 2000). This applies as long as the time 
of extraction and extraction conditions are replicated exactly. 
 
 There are two main techniques for extracting the analytes using SPME; Headspace 
SPME and Direct Immersion SPME (DI-SPME). In HS-SPME, the fibre is exposed to the 
vapour phase above a sample that is either solid, liquid or a gas. In DI-SPME, the fibre is 
immersed directly into a liquid sample. Once exposed for the desired period of time the fibre is 
drawn back into the needle and removed from the vial, ready to inject directly into the injector 
of the GC (or desorption chamber if SPME-HPLC), where it is heated and the analytes are 
desorbed (or in the desorption chamber for solvent contact in HPLC). These two SPME 
techniques can be used in conjunction with GC-FID, GC-MS, HPLC and LC-MS systems, 
however, they are most commonly used with GC-FID/GC-MS. HS SPME is recommended for 
the sampling of aroma volatiles and more volatile compounds in general (Augusto et al., 2003; 
Katoaka et al., 2000).  
  
 A number of key variables need to be considered when optimising the extraction 
procedure for SPME. After deciding whether DI or HS SPME is more appropriate, 
consideration needs to be given to which fibre coating is best used. This will vary depending 
on the analytes being studied. Extraction conditions must also be optimised, taking into 
consideration extraction time and concentration of the analyte. Analyte extraction is improved 
with the modification or addition of variables such as temperature, pH, salt addition and 
agitation of the sample. Agitation increases the rate at which analytes move out of the sample 
matrix and onto the fibre coating. Adding water to the sample matrix may also aid in the 
release and extraction of volatiles (Augusto et al., 2003; Katoaka et al., 2000). 
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Figure 3. SPME fibre properties. Different fibre coatings have different polarities and retention capabilities. 
Double lined box = Bonded; small dotted line = non-bonded; dotted line = partially crosslinked; single-lined 
box = highly crosslinked (Kataoka et al., 2000). 
 
In addition to the optimisation of the collection of analytes on the fibre, optimisation of 
the desorption of analytes off the fibre and onto the column needs to be considered. Most 
current modern GC injectors allow for the direct injection of SPME fibres with the correct 
injector liner. The optimum desorption temperature is usually equal or greater than that of the 
boiling point of the least volatile compound in the sample. Similarly, the initial column 
temperature should be no greater than the boiling temperature of the most volatile compound if 
possible. Columns can be cooled if necessary to prevent peak broadening of the initial high 
volatile compounds (Kataoka et al., 2000). 
  
 HS-SPME application in flavour science has been extensive. As most of the aroma and 
flavour compounds in foods are volatile they can be captured using SPME. Unlike other 
methods, such as solvent extraction and steam-distillation, SPME does not require a great deal 
of sample preparation time. Furthermore, it does not lead to the degradation or alteration of the 
compounds being detected (Augusto et al., 2003; Kataoka et al., 2000). The main alternative 
methods for aroma and volatile analysis in foods are static headspace (as mentioned earlier) 
and dynamic headspace. The purge and trap dynamic headspace sampling technique can have 
increased sensitivity compared to SPME, however, the set-up costs are great and sampling 
more complicated. Issues also arise in direct thermal extraction dynamic headspace with water 
tolerance. Compounds need to be first trapped on a resin to avoid water contamination. The 
increased sensitivity of Direct Thermal Extraction leads to the need for very small (10-100mg) 
H. Kataoka et al. / J. Chromatogr. A 880 (2000) 35–62 39
Fig. 2. Properties of commercially available SPME fibers. Bonded, non-bonded, partially crosslinked, highly
crosslinked.
analysis by SPME. Two types of fiber SPME tech- analysis. The desorption chamber is placed in the
niques can be used to extract analytes: headspace position of the injection loop. After sample ex-
(HS)-SPME and direct immersion (DI)-SPME. In traction, the fiber is inserted into the desorption
HS-SPME, the fiber is exposed in the vapor phase chamber at the ‘load’ position under ambient pres-
above a gaseous, liquid or solid sample. In DI- sure. When the injector is changed to the ‘inject’
SPME, the fiber is directly immersed in liquid position, the mobile phase contacts the fiber, desorbs
samples. Agitation of the sample is often carried out the analytes, and delivers them to the HPLC column
with a small stirring bar to increase the rate of for separation.
equilibratio . After a suitable extraction time, the
fiber is withdrawn into the needle, the needle is 2.2.2. In-tube solid-phase microextraction
removed from the septum and is then inserted In-tube SPME using an open tubular capillary
directly into the injection port of the GC or the column as the SPME device was developed for
desorption chamber of the SPME–HPLC interface. coupling with HPLC or LC–MS. It is suitable for
HS- and DI-SPME techniques can be used in combi- automation, and can continuously perform extraction,
nation with any GC, GC–MS, HPLC and LC–MS desorption and injection using a standard autosam-
system. The desorption of nalyt from the fiber pler. With the in-tube SPME technique, organic
coating is performed by heating the fiber in the compounds in aqueous samples are directly extracted
injection port of a GC or GC–MS, or by loading from the sample into the internally coated stationary
solvent into the desorption chamber of the SPME– phase of a capillary column, and then desorbed by
HPLC interface, and then the analytes are transferred introducing a moving stream of mobile phase or
directly to the column for analysis. The HPLC static desorption solvent when the analytes are more
interface consists of a six-port injection valve and a strongly absorbed to the capillary coating. A
special desorption chamber, and requires solvent chematic diagram of th aut mated n-tube SPME–
desorption of analyte prior to HPLC or LC–MS LC–MS system is illustrated in Fig. 4. The capil-
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sample sizes, which can often make sampling and accurate replication difficult. SPME is still 
considered by many as the preferred method for rapid sampling for volatiles in foods (Augusto 
et al., 2003).  
  
In studies on black pepper SPME has been used to assess both the freshly ground 
components of black pepper and the volatile components of essential oils extracted from black 
pepper. More studies have been completed assessing essential oils compared to the freshly 
ground volatiles, most probably due to ease of sampling (Korany & Amtmann, 1997; 
Sumathykutty et al., 1999; Orav et al., 2004; Jirovetz et al., 2002). Sampling methods for the 
capture of volatiles released from freshly ground pepper become difficult to replicate and 
quantify effectively. Although the general makeup of volatiles is likely to be similar, these two 
methods will give varying compositional results. No direct studies have been completed 
comparing these differences in black pepper. 
  
 Jirovetz et al. (2002) and Liu et al. (2007) both used SPME to assess volatiles emitted 
from black pepper essential oils. In order of relative concentration, the main volatile 
constituents found were germacrene-D, limonene, beta-pinene, alpha-phellandrene, beta-
caryophyllene, alpha-pinene. A study by Xu-Dong and Kazuhiko (2005), looked at the 
difference in volatile profiles between Static HS-SPME and DHS-SPME sampling of freshly 
ground pepper. This study sampled freshly ground samples of Piper nigrum. Static sampling 
was conducted directly from the grinds chamber, whereas DHS sampling involved nitrogen gas 
flow through the chamber carrying the volatiles through a chamber where the SPME fibre 
collected them for analysis. The study found the main components to be sabinene, limonene, 
delta-3-carene, alpha-pinene, beta-caryophyllene, beta-pinene, myrcene, and alpha and beta 
phellandrene. A slightly greater sensitivity was found in the dynamic headspace sampling 
system, suggesting that this is a preferred method of sampling for volatiles released from 
pepper samples. 
  
 To highlight the effectiveness of two-dimensional gas chromatography, Cardeal et al. 
(2006) composed a study on the volatiles released from freshly ground pepper using SPME. 
Sampling was completed by rapidly transferring a small sample into a vial sealed with a Teflon 
cap. This method allowed for the identification of over 300 compounds across 13 different true 
and false peppers. SPME was shown to be an effective sampling method, however, it was the 
chromatographic method that was highlighted as the main contributor to increased detection 
and separation capabilities.  
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 In summary, the literature suggests that SPME is an adequate, cheap and effective 
means for sampling given the right sampling technique (DHS is preferred to SHS) and the 
appropriate chromatographic equipment for optimum separation and detection. 
 
 
1.3.1.3 DYNAMIC HEADSPACE SAMPLING 
 
The final method for the sampling of aroma in foods is dynamic headspace sampling 
(DHS). This method allows for the detection of compounds in extremely small quantities. It 
has a far greater sensitivity than static headspace sampling (500-5000x) and a greater 
sensitivity when compared to SPME (50-100x), making it the most sensitive sampling method 
for volatile compounds. This method, although potentially expensive, has the capacity to allow 
for very precise and exact quantification of volatile compounds within a sample. It therefore 
has found considerable application in various areas of study focusing on volatile compounds 
(Pfannkoch & Whitecavage, 2002). 
 
DHS allows for the continual sampling of a sample over an extended period of time 
and also allows for the concentration of analytes. This makes it an effective tool for assessing 
samples with volatiles at extremely low concentration (Augusto et al., 2003; Pfannkoch & 
Whitecavage, 2002).  
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Figure 4. Difference in sensitivity between static, SPME and dynamic headspace sampling techniques (for 
dried basil leaf) (Pfannkoch & Whitecavage , 2000). 
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Morales et al. (1994) recognised DHS GC-MS methods as being effective for the 
concentration of numerous flavour and fragrance volatiles. They consequently used the 
technique in their study of the volatiles released from different virgin olive oils. In 
comparison to other studies on olive oils using DHS with solvent desorption, they managed to 
shorten and simplify the sampling procedure using Tenax TA as a sorbent material. Thermal 
desorption and cryofocusing of the volatiles before injection into the GC helped reduce peak 
broadening and also allowed for the eventual rapid detection and identification, using an MS, 
of the key aroma volatiles present in virgin olive oils. A similar study by Pena et al. (2004) 
concluded that this method is also appropriate for testing for potentially toxic levels of 
dangerous organic volatiles in olive oil.  
 
DHS generally requires a closed sampling system that allows for the measurement of 
gas-flow through the system, particularly if quantified measurements are desired. An example 
of a successful and common sampling method for DHS is given in the figure below.  
 
 
 
Figure 5. Chamber for DHS isolation and collection of volatiles emitted by living plant samples (Augusto et al., 
2003). 
 
Here a bell jar contains a sample releasing volatiles with an inlet and outlet for gas 
flow. This method has the potential to be used in the field and is relatively easy to set up with 
a controlled supply of a known purified gas. Gas flows through the inlet and into the jar where 
it then picks-up the aroma or desired volatiles and carries them out through the outlet of the 
jar. This flow then passes through a ‘trap’ where the compounds adsorb and accumulate. The 
trap is usually a tube containing a sorbent material or a cold tube with sorbent that the 
volatiles adhere to. There are a number of different sorbent materials that can be used, which 
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are suited to capturing various different compounds in different sampling conditions (Augusto 
et al., 2003). Commercial sorbent-packed tubes include Tenax TA, Tenax TA/Charcoal or 
Porapak Q. Tenax TA is a porous polymer based resin that has been specially designed for 
catching volatiles from air samples. Other absorbent resins like Tenax TA/Charcoal also 
contain graphitised carbon to enable desorption at higher temperatures. Glass Beads that allow 
for the capture of high molecular weight compounds are usually combined with other 
absorbent resins, as they do not retain the more volatile compounds on their own (Abeel et 
al., 1994). Similar to SPME fibers, these sorbent materials must be thermally conditioned. 
Different resins and sorbents allow for different sensitivities, however, the actual relative 
abundance in analysis does not usually change. These packed cartridges can be stripped of 
their analytes using either solvents or thermal desorption (Abeel et al., 1994; Augusto et al., 
2003).  
 
The thermal desorption method has far greater set-up costs and cannot always be 
applied to samples with temperature-sensitive compounds. It does, however, have many 
advantages over the solvent desorption method. The detection limits are greater, it maintains a 
simplified procedure for sampling and desorption with no interference from solvent peaks in 
the chromatogram. This increase in the detection limit also allows for potentially shorter 
sampling periods (Werkhoff and Breshcsneider, 1987).  
 
The principles of thermal desorption, purge-and-trap and cryofocusing in DHS that is 
now commonly used in volatile analysis was well outlined by Werkhoff and Breshcsneider in 
1987. Once the collected volatiles are desorbed from the cartridge they are intermediately 
trapped in a ‘retention gap’ (or cold trap) where they are cooled down to or even below 
negative 100 
o
C (volatiles are only cooled if necessary). Once trapped and cooled in the 
retention gap, the volatiles are then very rapidly heated and injected in to the GC capillary 
column. This method, as mentioned earlier, aids in reducing peak broadening and increases 
detection sensitivity. Issues may arise with the deterioration of the sorbent materials in DHS-
TD methods. The interaction of water, volatiles and the sorbent Tenax TA can produce 
undesired artifacts.  
 
The TD-DHS method has been used in the assessment of the aroma of the False 
Pepper Japanese Pepper (Xanthoxylum piperitum). In a study by Jiang and Kubota (2001), 
volatiles from the headspace of crushed leaves were successfully analysed after being 
captured on Tenax TA cartridges. After sampling, the cartridges were thermally desorbed and 
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cryofocused and then injected into a GC-MS where they were separated, detected and 
quantified. The sensitivity obtained in this experiment allowed for the illustration of the great 
difference in the level of volatiles that are released from intact leaves, disturbed leaves and 
crushed leaves. It would be difficult to complete this experiment with such accuracy using 
another sampling method. 
  
 
 
1.3.3 HPLC (High Performace Liquid Chromotography) 
 
High performance liquid chromatography (HPLC) has been extensively used in the 
characterisation of food flavour and the detection of spoilage contaminants. HPLC employs 
the use of pumps to transfer a mixture dissolved in a liquid solvent. The liquid mixture, 
known as the mobile phase, is passed through a column that is packed with a sorbent material 
that allows for a binding site for the analytes of interest. If a solvent mixture is used, then the 
ratio between the two solvents can be used to generate a gradient in the mobile phase and 
enable the separation of different compounds. The sorbent is usually a granular solid and is 
known as the stationary phase. The unique interaction between these two phases allows for 
the separation of the desired analytes. The composition of the two phases and the temperature 
at which the system is maintained will determine the physical interactions, such as 
hydrophobic, dipole-dipole and ionic interactions, which ultimately define and allow for the 
separation of components (Snyder et al., 1997). Many variations and types of HPLC exist, 
however, they will not be discussed in this review.  
 
Once the mixture has been separated there are a number of different detectors that are 
commonly used. Ultraviolet–visible spectroscopy (UV-Vis) with a photodiode array detector 
(PDA) or mass spectrometry are the most common forms of detection used. It is important to 
note that UV spectrometry targets certain wavelengths within the UV-vis spectrum, whereas 
PDA detects the full UV-vis absorption spectra (Snyder et al., 1997).  
 
HPLC has played an extensive role in deciphering food chemistry (Merken & 
Beecher, 2000; Wood et al., 1988). The main application for HPLC in the study of pepper 
flavour has been its help and effectiveness in determining the amount of piperine. Piperine has 
long been reported as the pungent spicy compound we taste when we eat pepper and has long 
been considered to be one of the most important flavour compounds present in black pepper 
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(Raman & Gaikar, 2002; Wood et al., 1988). Its concentration in samples has often been used 
as an indicator for quality or breeding potential in cultivar studies. 
  
 
 
Figure 6. Piperine structure (Wood et al. 1988) 
 
 
An early study by Wood et al. (1988), used reversed phase HPLC to determine the 
concentration of piperine in pepper and its oleoresin extracts. Oleoresins were extracted in 
ethanol under light-excluding conditions to limit the photo-isomerisation of piperine. The 
study used a bonded c18 stationary phase with a mobile phase of acetonitrile and acetic acid. 
A UV detector was employed to measure the absorbance up to 343nm (this is the absorbance 
of piperine and some of its contributing derivatives). Absorbance readings at this wavelength 
have previously been shown to reflect sensory analyses assessing pungency. A great deal of 
research has been undertaken in this area since.  
 
A recent study into the use of HPLC to study piperine and its analogues in pepper was 
completed by Dawid et al. (2012). This more recent study went as far to determine 25 key 
pungent compounds in pepper, including 8 amides that had previously been undescribed in 
the literature. A combination of HPLC, LC-MS (liquid chromatography with mass 
spectrometry), NMR (nuclear magnetic resonance spectroscopy) and taste dilution techniques 
were carried out to isolate, separate and identify these compounds. Our understanding of the 
main contributing compounds to pungency has not fundamentally changed. However, there is 
now a greater understanding of the large number of compounds that contribute to pungency, 
and their relative contributions. The study highlighted that although piperine is a key 
compound contributing to pepper pungency, the overall pungency of the spice is due to a 
combination of many pungent compounds. Further studies are been undertaken to determine 
which of the identified pungent amides contribute to the pungent and ‘tingling’ effect of 
pepper. 
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The application of HPLC in food chemistry has been extensive. As HPLC is a cost-
effective method for analysing focused groups of compounds it plays an effective role in the 
monitoring of spoilage and contamination compounds in food. HPLC has commonly been 
used to determine the presence of acrylamide in foods (Wenzl et al., 2003). Acrylamide is an 
industrial chemical used in the synthesis of polyacrylamide a material that is often used as a 
flocculent in filtering water. It also has applications in the paper and petroleum and textile 
industries. Acrylamide is toxic. Its vapours irritate and damage the eyes and skin, it is a 
known carcinogen and it can cause paralysis of the cerebrospinal system. Consequently it is 
highly undesired in food products. After the recent discovery that acrylamide can be formed 
in carbohydrate-rich foods that are cooked at high temperatures, monitoring for this substance 
has become common over the globe. HPLC is one of the methods commonly used to 
determine acrylamide contamination in food, highlighting its importance and application as a 
technique in analytical chemistry (Wenzl et al., 2003). 
 
A large number of studies using HPLC have been completed assessing components in 
foods with antioxidant activity. The effects and availability of flavonoids and carotenoids, two 
of the most important nutritionally important pigments in plants have been well investigated. 
Flavonoids include the well-known anthocyanin compounds that are commonly present in 
wine and grapes contribute to antioxidant activity. The commercial and health-related 
importance of these compounds are well understood. It should therefore come as no surprise 
that they are well researched (Merken & Beecher, 2000).  
 
HPLC is one common method that is used to determine the levels of different 
flavonoids and other important phytochemicals, in edible plants and their extracts. Shan et al. 
(2005) analysed the antioxidant capacity of 26 different spices using HPLC as a method for 
determining the concentration of lavanones, flavanols, hydroxybenzoic acids, tannins, 
phenolic diterpenes, hydroxy-cinnamic acids, flavones, and flavonols, all important 
contributors to the antioxidant capacity of spices. The study also attempted to use HPLC for 
the analysis of volatile compounds, but recognized that gas chromatographic techniques 
would be better for this analysis. 
 
Merken and Beecher (2000) released a review paper on the use of HPLC in determining 
flavonoids in foods. It showed that several hundred papers had been produced assessing 
flavonoids in foods using HPLC. The limitation of the method was also clearly outlined. 
HPLC was only capable of assessing from 1 – 3 subclasses of flavonoids in a single run. 
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Foods can contain many of these subclasses, and mixed foods can contain a large number of 
subclasses. Merken and Beecher outlined that they thought there was need to develop a 
method that allowed for the simultaneous analyses of all sub-classes of flavonoids. This 
limitation is seen throughout HPLC methods when analysing a variety of different functional 
groups. HPLC is therefore not considered an effective method for giving a quick picture of 
the overall flavour (taste or aroma), something that gas chromatographic methods have the 
potential to do. 
 
 
 
1.3.4 SENSORY TESTS AND GC-O (Gas Chromatography Olfactometry) 
  
The wide variety of volatiles that are released from a food matrix do not contribute to 
aroma to the same extent. It has been well documented that only a relatively small proportion 
of volatiles released from foods actually contribute to the aroma as perceived by humans. 
Consequently it has been necessary to make a clear distinction between the concentration of 
volatiles in a sample and the level of impact that they have on the human sensory system. This 
must be completed using human sensory evaluations (Zellner et al., 2008; van Ruth, 2001). 
Without this necessary inclusion of the human response, any quantitative and qualitative 
analytical results remain almost impossible to interpret correctly.  
 
The most common methods used to enable a correlation between analytical results 
obtained in chromatographic studies and the relevant impact of the odour compounds 
identified are gas chromatography-olfactometry (GC-O) and sensory odour analyses. GC-O 
involves smelling the chromatographic effluent and often the attribution of an odour activity 
value to each of the eluting compounds as they are ‘sniffed’. It is important to recognise that 
many of the chemical detectors available may not be as sensitive to certain compounds as the 
human nose. Many odour active compounds often occur at very low concentrations and their 
intensity is due to their very low odour thresholds. An odour threshold is the smallest 
concentration at which a compound may be detected by the human olfactory system (van 
Ruth, 2001; van Ruth & O’Connor, 2001; Zellner et al., 2008).  
 
Peak area data alone from any chemical ‘detector’ instrument does not reflect the 
human response and is not a true representation of the actual aroma impact of a food. GC-O 
can enable the correlation of a quantitative amount of an odour compound with its odour 
impact as perceived by the human olfactory system. A number of methods exist for 
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calculating the odour thresholds and potency of an aroma compound (van Ruth, 2001; van 
Ruth & O’Connor, 2001).  
 
The first and most common method for calculating the odour intensity of a compound 
using GC-O is by setting up dilution tests. The compound of interest is diluted until it can no 
longer be detected. This is known as the dilution factor or odour threshold. A maximum level 
of detection may also be recorded. This dilution method has been used successfully to locate a 
wide array of odour active compounds in foods and fragrances as well as giving an idea of 
their potency. This method can be laborious if there are a large number of compounds to be 
assessed and no previous odour thresholds have been calculated (van Ruth, 2001).  
 
The second method, known as the detection frequency method, uses the number of 
assessors that detect a compound in a GC effluent as an indication for odour intensity. Around 
6-12 assessors are usually used. Another method for determining odour intensity is the 
posterior intensity method. This method requires the assessor to record the intensity of the 
effluent exiting the GC. These last two methods do not allow for easy comparison across 
studies, nor the development of a dynamic database of odour values (van Ruth, 2001). 
  
A study by van Ruth (2001) looked at the effectiveness of the techniques mentioned 
above. This study found the posterior intensity method and the detection frequency method 
resulted in similar odour intensity-to-concentration relationships, when compared to sensory 
headspace analyses. Odour potency data collected from dilution analysis was less clear. This 
was most probably due to the high variability of odour threshold results given by assessors 
(up to a factor of 200). This was probably due to large differences in assessor response to 
stimuli and varying experience with the experimental procedure. Consequently to maximise 
accuracy, GC-O studies should be completed with as many assessors as possible. It is 
important to mention that GC-O only allows for the determination of odour thresholds and 
descriptors of a single compound, not as a compound within a mixture. It is possible that 
compounds when in mixtures may show different odour qualities. 
 
Another means for determining odour qualities and intensity is through sensory odour 
analyses. The sensory intensity of an odour can be determined using serial dilutions in air, 
water or a fat and standards of known odours. Similarly to the GC-O dilution method, the 
odour threshold is the point at which the compound can no longer be detected by the human 
nose. The odour threshold value (OTV) is dependent upon the solubility, vapour pressure and 
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concentration of the compound of interest in the food. This method allows for the compilation 
of an odour threshold database that can be used and referenced to estimate the impact of 
certain compounds in an aroma profile. If the concentration of an identified odour compound 
is known, than the odour threshold value can be used to scale the concentration and convert it 
into an odour activity value that represents its contribution to the overall aroma. If odour 
thresholds have previously been established, then there is potential to estimate the 
contribution of a compound without any direct sensory testing (Grosch, 1993; Zellner et al., 
2008).  
  
An example of the successful use of GC-O and sensory odour analysis to identify 
aroma compounds in food is the discovery of rotundone, the peppery aroma in Shiraz wine. 
Sensory techniques were fundamental in isolating the compound from the aroma profile and 
characterising its aroma qualities. Rotundone’s odour activity value in pepper is 250000 
(compared to linalool = 80) and it is only present in trace amounts. A higher odour activity 
equates to a greater odour intensity (Siebert et al., 2008). Without the necessary sensory 
analyses it is likely that the importance of this compound would have remained undiscovered. 
 
Another study by Jagella and Grosch (1999) showed that sensory analysis coupled 
with HRGC-O (high resolution gas chromatography olfactometry) can be useful in the 
identification of off-compounds in black and white pepper. The same studies identified that 
grinding significantly altered the aroma profile of pepper and some aromas were lost, whereas 
some became more proportionally prevalent. This study successfully showed that sensory 
analysis and GC-O techniques can be successfully used to identify off-flavours in foods and 
aid in the general understanding of pepper aroma. 
 
Rice aroma plays a vital role in quality and has therefore been investigated. A study by 
Yang  et al. (2008) used dynamic headspace, using Tenax cartridges, and GC-O to assess and 
identify key aroma markers in a number of different rice varieties. Odour threshold values 
were calculated for the key aroma compounds using GC-O. Calculating the odour thresholds 
of these key compounds allowed for the calculation of odour activity values, enabling the real 
impact of the various aroma compounds to become apparent. Using PCA analysis, 13 
compounds were identified as contributing approximately 89.4% of the overall aroma. These 
13 odour active compounds could potentially be used to characterise rice flavour types. The 
study highlighted the potential for this method to enable the selection of rice lines with 
positive flavour attributes. 
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1.4 CONCLUSIONS 
 
 
Pepper remains one the most traded and economically important spices across the 
globe. Historically, it holds great significance for both its influence on the development of the 
world spice trade and its use by cultures for thousands of years as a food flavouring agent and 
medical remedy.  
 
Tasmanian Pepper is a relatively new product that has significant potential for product 
development and expansion into new markets. Understanding the flavour science behind this 
new product will play a key role in giving it some international credibility and will assist in 
chefs and consumers understanding of how to use the product. 
 
The interaction between the human sensory system and the flavour of foods is 
extremely complex and further work into understanding these interactions would be of great 
benefit. There are various forms of extracts from foods that can be studied using analytical 
and sensory science. The main forms are essential oils, oleoresin extracts and the volatile 
aroma fraction of food products. There are various means of extracting and separating these 
different fractions, each with different benefits and drawbacks. Differences mainly arise in 
cost of set-up equipment, solvents, time and complexity. When deciding to develop a method 
for flavour extraction one needs to weigh up all these differences and find the most suitable 
method. The extraction product needs to be suitable for analysis by separation using 
chromatographic techniques or sensory analyses by trained sensory panels. The most 
appropriate method for analysing the flavour and chemical profile of a given extract is highly 
dependent upon cost, time and complexity. However, there are many means and ways of 
extracting and analysing flavours from food and it remains an area of science that is rapidly 
diversifying and improving. Hopefully, an increased understanding in this area of science will 
lead to the continuation of quality management, leading to product improvement for the 
consumer and a cost benefit to producers and manufacturers of foods. 
 
A good example of the complexity of flavour science and in particular aroma science 
is the recent study that attempted to identify the ‘peppery’ note in shiraz wine. This study is a 
great example of the lengths that sometimes need to be taken to successfully identify and 
characterise a key aroma compound. Rotundone was successfully identified as the compound 
that contributes to the peppery aroma of Shiraz wine by Wood et al. in 2008. The processes 
for identification and isolation of this compound were exhaustive. This compound had not 
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been associated with this aroma in the past and it had strangely not been identified and 
successfully characterised in the long list of studies on pepper aroma. Its concentration in the 
sample matrix was extremely small but its odour impact value extremely high. It was found to 
co-elute with various other compounds in GC studies and it quickly became clear as to why it 
had not been identified previously. Furthermore, in sensory studies completed by the same 
group, rotundone was found to be undetected by 20% of assessors (Siebert et al., 2008; Wood 
et al., 2008). This may help to explain why it was previously not characterised as having a 
peppery aroma and highlights the complexity of aroma and the interaction with aroma 
compounds with the human olfactory system. Flavour science will forever remain a somewhat 
subjective science. 
 
Initial studies into the isolation of this compound in wine led to the suggestion that 
another compound, alpha-ylangene, may be a marker for peppery flavour in wine. However, 
this compound showed no peppery notes itself (Parker et al., 2007). Wood et al. finally 
located rotundone in GC-MS-O studies on fractions from Shiraz wines that had been reported 
as peppery. For a true identification of the compound, it first needed to be synthesised to 
provide a reference for the chromatography. This process in itself is not straightforward. The 
identification of rotundone in pepper required rotundone extract enrichment. This process 
involved obtaining an extract from pepper, two stages of chromatographic separation and then 
a final stage of HPLC. This was followed by further confirmation in GC-MS, GC-O and 
sensory studies. 
 
Although exhaustive, this study successfully identified the peppery compound in 
Shiraz wine. Furthermore, and perhaps more astonishingly, it allowed for the successful 
identification of the peppery compound in pepper itself. The distinctive peppery aroma of 
black and white pepper had previously been attributed to a wide array of different 
contributing compounds, a theory which has since been turned upside-down. Rotundone, 
potentially one of the most important compounds in black pepper had finally been identified. 
Although it has been identified, it remains a nuisance to isolate, identify and quantify using 
current simple aroma analysis methods. 
  
 
This example provides a clear view of the complexity of flavour science. The idea that 
such a key aroma compound in pepper went undiscovered for so long is grounding for 
scientists who set out with the aim to further their knowledge in this field. It also highlights 
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the potential for new and exciting discoveries. Synthesis of the information that is already 
known and understood plays a key role in understanding the gaps and assessing where and 
how to move forward. The development of methods that allow for more accurate, rapid and 
cost effective analyses will be of great assistance. The efficient characterisation of new food 
products will lead to product improvements and an increased understanding its benefits and 
potential uses. 
  
In terms of spice, and in particular pepper, a number of conclusions can be drawn as to 
how best to approach analysing flavour chemistry. First, it is important that large 
comprehensive studies on pepper flavour should attempt to include an analysis of both 
volatile and non-volatile fractions of the spice, as they both play a vital role in the consumer 
experience. For the analysis of non-volatile compounds, HPLC remains an effective technique 
for the determination of target groups of compounds, however, it remains limited in terms of 
time and the scope of compounds that can be analysed in a single run. For a more expansive 
view of the non-volatile compounds present in pepper, the extraction of oleoresins in alcohol 
coupled with analysis using GC-MS would be appropriate.  
 
For the analysis of volatile compounds, there are two different extraction procedures 
that should be considered. The extraction of essential oils using traditional or more recent 
procedures, such as supercritical fluid extraction, with direct injection into GC-MS provides 
an effective and relatively straightforward procedure for the characterisation of many 
important volatile compounds. Analysis of the essential oil fraction has applications in the 
cosmetic and food industries.  
 
The other major extraction procedure for the analysis of volatiles in pepper is to 
capture volatiles released from the freshly ground product. For sampling, headspace SPME 
still offers a cheap and rapid method for the collection of volatiles, however, issues with 
quantification still remain with this technique. A more elaborate DHS system, coupled with 
thermal desorption and Tenax cartridges for volatile capture would allow for an extremely 
accurate analysis and representation of the volatiles that the consumer is exposed to. This 
method has increased sensitivity and would allow for greater potential for the detection of 
compounds in extremely low concentrations. It also has the great added benefit of being 
quantitative.  
 
 45 
It should be highlighted that any studies into flavour chemistry should also be coupled 
with vigorous human sensory tests when possible. Sensory characterisation of compounds 
using trained panels is essential. Determining impact values for odours and tastants and 
flavour descriptors is critical. This is best done using dilution tests and GC-O methods. The 
compilation of all these forms of analysis would give the best available overview of the 
flavour profile of peppers and how they relate to the consumer experience. 
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CHAPTER II 
 
METHOD DEVELOPMENT FOR THE RAPID SAMPLING 
AND ANALYSIS OF VOLATILES RELEASED FROM 
FRESHLY GROUND PEPPERS 
 
 
 
2.1 INTRODUCTION 
 
Black Pepper (Piper nigrum) is the most traded and economically important spice crop 
in the world. It is commonly referred to as the ‘King of the Spices’. Originating in the south-
western regions of India, major production of the spice has spread into Indonesia and 
Malaysia and onwards throughout much of Asia. Current major pepper producing countries 
are India, Indonesia, Malaysia, Sri Lanka, Vietnam and Brazil. Black pepper is commonly 
used as a fresh garnish for food, has numerous industrial food and cosmetic applications and 
has traditionally been used for various medicinal applications (Singh et al., 2011; 
Parsatharathy et al., 2008; Ravindran, 2000).  
 
The aroma of pepper is unique and highly complex (Parsatharathy et al., 2008; 
Ravindran, 2000). Its wide culinary use in many cultures has prompted a large number of 
studies into its unique aroma and the factors important in the quality control of this highly 
traded product.  
 
Along with the traditional forms of Piper nigrum (black, white, green, red) there are 
various other ‘true’ peppers from the Piper genus that are used throughout the world in a 
similar way to traditional pepper. Piper longum, or ‘Long pepper’, is one such example of a 
comparatively well-traded true pepper (Liu et al., 2007). Furthermore, various spices that are 
not from the Piper genus are used in a similar way to black pepper.  
 
‘False’ peppers can be considered as dried plant parts not from the Piper genus that 
are used as a freshly ground spice to garnish a food or dish, that are characterised by a certain 
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pungency or spiciness. They are used in the same way as Piper nigrum (Ravindran, 2000). 
Some of these ‘false’ peppers have been recognised in international cuisine for some time, 
including Brazilian pepper (Schinus molle), which is commonly found in many pepper mixes 
around the world (Maffei & Chialva, 1990). Others are yet to gain widespread usage or 
popularity. Tasmanian pepper has only become recognised internationally in the last 20 years 
and it is only in recent years that it is starting to make any market impact (Clarke, 2012). It is 
not only the false peppers like Tasmanian Pepper, some true peppers remain relatively 
unknown in the international spice trade. For example, only approximately 1.5 tonnes of 
Voatsiperifery Pepper (Piper borboneense) from Madagascar is produced annually. No 
studies have been completed into the aroma of this pepper. 
  
Understanding and characterising the unique and wonderful aroma of the wide variety 
of peppers that are available around the world is vital to creating product dialogue, opening up 
new markets and ultimately inspiring consumers to experiment with new fresh flavours and 
cooking ideas (Smyth, 2010). 
  
In recent times, the aroma of spice has mainly been sampled using solid phase micro-
extraction (SPME) and then analysed using some form of gas chromatography (Kataoka et al., 
2002). Cardeal et al. (2006) recently analysed a range of different peppers using a form of 
these methods, identifying over 300 compounds across the 12 different samples. Despite 
studies such as this, very few have been conducted on black pepper aroma using dynamic 
headspace techniques and none have been published coupled with Tenax TA cartridges.  
  
Dynamic headspace sampling using Tenax TA cartridges coupled with thermal 
desorption has a number of benefits over SPME methods. Firstly, the intensity of the 
detection response can be far greater (up to 500x) and secondly it has the added benefit of 
being quantitative (gram per gram for unit sampling time, where standards are available) 
(Kataoka et al., 2002). Although this method has benefits it is also very expensive and 
consequently SPME has remained the dominant and preferred method for aroma analyses in 
food and spices. 
 
Surprisingly few studies have been aimed at capturing the freshly released volatiles 
from ground pepper samples. Some studies have sampled the freshly released volatiles from 
pepper by rapidly taking sub-samples from freshly ground pepper and inserting then into 
Teflon-sealed glass vials. Sampling using SPME fibres has usually followed (Cardeal et al., 
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2006). A study by Xu-Dong & Kazuhiko (2005) sampled freshly ground pepper samples 
directly from the grinds chamber also using SPME as a technique for collecting the volatiles 
released (SHS). The same study also used a similar technique but with DHS sampling, where 
a nitrogen gas flow was passed through the grinds chamber and the volatiles were collected 
downstream on SPME fibre. The study identified that dynamic headspace sampling increased 
detection sensitivity in this instance. 
 
Another study by Jiang and Kubota (2001) used DHS coupled with thermal desorption 
(TD-DHS) and Tenax TA cartridges to assess the aroma volatiles released from the ‘false’ 
pepper Sichuan pepper (Xanthoxylum piperitum). This study identified 36 different volatiles 
from X. piperitum and successfully demonstrated the effects of leaf crushing and disturbance 
on the increase in volatiles emitted (Augusto et al., 2003). 
 
The study describes the assessment of the usefulness of SPME as well as TD-DHS, 
using Tenax TA cartridges, to analyse the volatiles released from freshly ground ‘true’ and 
‘false’ pepper species from around the globe. In particular, it looks at the potential of using 
dynamic headspace sampling with the combined use of a relatively non-selective sorbent 
(Tenax TA) for accurate collection and quantification of freshly released volatiles. Black 
pepper aroma has not been analysed in the literature using this combination of sampling 
techniques in the past. 
  
In an attempt to truly reflect the consumer experience, both methods will focus on 
catching the volatiles as they are freshly released. The study also aims to show that once the 
TD-DHS GC-MS method, which is a relatively expensive technique to set-up, has the 
potential to rapidly and quantitatively analyse the aroma of a wide range of different dried and 
ground food products. A number of the samples to be assessed have very little aroma-based 
studies previously completed, and this study hopes to shed some light on these intriguing 
products. 
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2.2 MATERIALS AND METHODS 
 
2.2.1 HEADSPACE SOLID PHASE MICROEXTRACTION (HS-SPME) 
 
Sample Selection 
 
All ‘True’ and ‘False’ peppers, with the exception of Tasmanian Pepper samples were 
sourced from spice vendors from in and around Toulouse, France. Tasmanian Pepper samples 
were purchased from Diemen Pepper in Tasmania, Australia. All samples were stored at -20 
°C whilst not in use to minimise aroma loss over time. 
 
 
Table 3. Summary of the different true and false peppers soured for aroma analysis using SPME sampling. 
Including common and botanical names. 
True False 
Common Name Botanical Name Common Name Botanical Name 
Black Pepper Piper nigrum Brazillian Rose Pepper Schinus terebinthifolius 
Green Pepper Piper nigrum Allspice Pimenta dioica 
White Pepper Piper nigrum Maniguette Aframomum melegueta 
Cubeb Pepper Piper cubeba Monks Pepper Vitex agnus-castus 
Long Pepper Piper longum Nigella Nigella sativa 
Voatsiperifery Pepper Piper borboneense Selim Pepper Xylopia aethiopica 
 Sichuan Pepper (red) Zanthoxylum bungeanum 
Tasmanian Pepper 
(leaf and berry) 
Tasmannia lanceolata 
 
Sampling 
 
A hand held burr coffee grinder was purchased for the grinding of samples. The pepper 
samples were stored at – 4 °C whilst not in use. Pilot studies were completed to determine the 
best sample size and fibre exposure time for extraction. The fibre chosen for sampling was a 
DVB/CAR/PDMS (Supelco) fibre. This fibre has previously been used in studies on pepper 
and was chosen as the best all-round fibre for sampling in this study (Cardeal et al., 2006; Xu-
Dong & Kazuhiko, 2005). 
Comment [H5]: Make sure all new 
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a)  b)  
Figure 7. a) Hand-held coffee grinder used for grinding samples. b) Pepper sample in the 20ml vial sealed 
with a Teflon lid. The SPME fibre has been injected and exposed. 
 
Sampling was completed by grinding 10 g of pepper and rapidly transferring exactly 2 
g of the ground sample into a 20ml vial with Teflon sealed cap. The 10 g initial sample was 
ground to allow for better replication and a truer reflection of the overall sample aroma. A 
further 2 g of water was also rapidly added to aid in extraction and the Teflon lid was sealed 
and tightened. The sample was incubated at room temperature (25 °C) to equilibrate for 30 
minutes. 
 
Once equilibration was completed the fibre was inserted through the Teflon cap and 
left exposed for 20 minutes. After 20 minutes the fibre was withdrawn and injected into a GC-
FID (Gas Chromatograph coupled with a Flame Ionisation Detector) and later the method was 
repeated with injection into a GC-MS. 
 
Gas Chromatography 
 
A Varian CP-3800 GC-FID was first employed to establish the best extraction method 
using the SPME fibres. Exposure times of 10, 15, 20 and 30 minutes were trialled. The 
addition of an equal amount of water was also trialled (2 mL H20 / 2 g sample). This method 
was optimised for Black Pepper and was later used for all samples.  
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The GC conditions were as follows; oven temperature started at 40 °C and was 
maintained for 5 minutes before ramping at 3 °C a minute up to 180 °C. Further temperature 
ramping of 40 °C/minute up to 240 °C followed. This was maintained for 5 minutes. The 
injector temperature was 230 °C and the detector set at 250 °C. Nitrogen was the carrier gas, 
set at 1.8 mL/minute. A DB-5 MS column from JW Scientific with dimensions of 30 m 
length, internal diameter of 0.25 mm and phase thickness of 0.25 micron was purchased and 
used for all GC-FID analyses. Varian Star software was used for peak integration and data 
analyses.  
 
For GC-MS analyses, a Thermo Finnigan Trace Ultra gas chromatograph was used, 
coupled with a Thermo Finnigan Trace DSQ MS detector. The Oven temperature program 
was set identical to the GC-FID temperature program above. The injector temperature was set 
at 250 °C and the carrier gas was helium at a flow rate of 1 mL / minute. The MS transfer line 
was set at 220 °C, the ion source at 200 °C and the scan range at 50 – 450 amu. Each sample 
was injected in triplicate. A Zebron ZB5 MS column was used. Peak integration and data 
analyses were conducted using Xcalibur software. 
 
 
Figure 8. Thermo Finnigan Trace Ultra GC and Thermo Finnigan Trace DSQ MS used for compound separation 
and analysis. 
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2.2.2 THERMAL DESORPTION DYNAMIC HEADSPACE (TD-DHS) 
 
Sample Selection 
 
The following pepper samples listed below were collected from spice shops around 
Sydney, NSW Australia. Tasmanian Pepper was sourced from Diemen Pepper in Tasmania.  
 
Table 4. Summary of true and false peppers sourced for aroma analysis using dynamic headspace techniques. 
True False 
Common Name Botanical Name Common Name Botanical Name 
Black Pepper Piper nigrum Brazillian Rose Pepper Schinus terebinthifolius 
Green Pepper Piper nigrum Allspice Pimenta dioica 
White Pepper Piper nigrum Maniguette Aframomum melegueta 
Cubeb Pepper Piper cubeba Monks Pepper Vitex agnus-castus 
Long Pepper Piper longum Nigella Nigella sativa 
Voatsiperifery Pepper Piper borboneense Selim Pepper Xylopia aethiopica 
Freeze Dried Green Piper nigrum Sichuan Pepper (red) Zanthoxylum bungeanum 
Red Kampot Pepper Piper nigrum Sichuan Pepper (green) Zanthoxylum schinifolium 
Black Pepper (Super 
Grade) 
Piper nigrum Tasmanian Pepper (leaf 
and berry, whole and pre-
ground) 
Tasmannia lanceolata 
 
Sample Storage 
 
Once obtained, the spices were stored at - 20 °C to slow the deterioration and loss of 
volatiles. The sampling method was developed with the aim of replicating the consumer 
experience. That is; the direct capture of freshly released volatiles from freshly ground 
pepper. A process that is separate of heat or solvents or anything that may alter the true aroma 
profile.  
 
 
 
 
 
 
Comment [H8]: For consistency sake, have 
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Sampling Method 
 
A small hand-coffee/spice grinder was purchased from Presso Australia. It was 
purchased on the basis of its potential to be completely sealed, have the grind size modified 
and its general robustness. The grinding mechanism was a ceramic burr grinder, the ideal 
grinding mechanism for obtaining a good grind consistency whilst being very slow wearing 
over time. The grind level was set to give particles around 0.5 mm in width, similar to that of 
a newly purchased pepper grinder. This grind was maintained and unchanged throughout all 
the experiments and samples.  
 
The sampling apparatus was set up as follows. Nitrogen gas flowed through Teflon 
tubing where it then met the first gas flow regulator. This regulated flow of nitrogen passed 
through further tubing and through a drilled hole in the side of grinds chamber of the sealed 
Porlex Spice grinder. The nitrogen picks up the freshly ground volatiles and exits through 
another tube that has been drilled and inserted on the opposite side of the grinds chamber. The 
grinder was fully sealed with Teflon tape and blue-tac to ensure no gas escaped. The nitrogen 
carrying the volatiles passed out along the Teflon tubing until it reaches a split. After the split 
on one side there is a gas flow regulator to measure out-flow. On the other side of the split is a 
Tenax TA cartridge for capturing a fraction of the volatiles that pass through the tube, 
followed by another gas flow regulator to regulate the amount of flow through the cartridge 
(see Figure 3 on following page). The split flows were manipulated to ensure the Tenax 
cartridges were not overloaded with volatiles, rendering the analysis non-quantitative. This 
method enables a gram per gram amount of a certain aroma compound to be calculated (as per 
unit of time if the relative standard is available for calibration).  
 
To ensure satisfactory replication, the atmospheric temperature was maintained at 25 
°C. by inserting the grinds chamber inside a polystyrene box with a heating element and 
thermostat inside (Figure 3).  
Comment [H9]: A little long winded – 
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a)  b)  
 
Figure 9. a) Sampling apparatus. Showing the grinder on heating plate. Teflon tubing passing through the 
grinds chamber is split and part of the split sample passes through the Tenax TA cartridge for compound 
capture. All points of the system are regulated by gas flow regulators. b) Showing the insulating box that was 
used to encase the grinder during sampling to allow for accurate temperature control. 
 
 
Optimisation and Control 
 
Optimum sampling time, sample volume and the in-line split ratio were all determined 
through pilot studies. A sampling time of 20 minutes was chosen to ensure that volatiles in 
low concentration, mainly sesquiterpene compounds, or those that took longer to be released 
within the sample matrix were still captured. The split was introduced to combat issues with 
saturating the Tenax TA cartridges. An eventual split system of 25 mL sampled to 1975 mL 
waste was chosen based on pilot studies. This large split enabled the desired longer sampling 
time of 20 minutes without resulting in cartridge saturation. Sample size was also reduced as 
far as possible to 0.4 g.  
 
A method for pre-grinding a larger amount of pepper to take sub-samples from was 
developed to ensure standard replication within samples. This was done using a mortar and 
pestle under liquid nitrogen and used across all pepper samples. Once crushed sufficiently 
under the liquid nitrogen the sample was rapidly weighed into 0.4 g sub samples, wrapped in 
foil and temporarily stored in a – 80 °C freezer. This technique enabled for good replication 
with no significant loss in total volatiles. To develop this method, various split flow rates, 
sample sizes and split rates within the GC were varied to optimise extraction whilst 
maintaining certainty that the cartridges were not saturated with product. 
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To enable grinding in the controlled cavity of the temperature controlled polystyrene 
box, a small insertion was made where an extension bar for an electric drill was inserted on 
the grinding mechanism. The drill then powered the grinding mechanism and was removed 
after grinding was completed. The grinder and ceramic grinding mechanism were sonicated in 
70 % ethanol for 15 minutes and then deionised water for a further 15 minutes. This cleaning 
process was completed between every replicate to ensure accurate cleaning and 
quantification. 
 
 
Internal and External Standards 
 
To allow for the quantification and comparison of samples an internal standard of 
1,2,4 tri-methyl benzene in ethanol was loaded onto each of the cartridges. Further to this, 
known standards of alpha-pinene, beta-pinene, myrcene, m-cymene, limonene, cineole and 
alpha-caryophyllene were sourced from the University of Sydney Plant Breeding Institute 
(PBI). Serial dilutions of the standards in methanol were made up and injected onto the Tenax 
TA cartridges. Calibration curves were completed for each of these standards, allowing for 
their effective quantification in g/g of sample over the 20 minutes sampling time. Retention 
times for confirmation of identification for these compounds were recorded. 
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Table 5. Summary of standards used, the retention times observed in this study and their respective chamical 
structures. 
Name Retention Time Structure 
1,2,4 tri-methyl 
benzene 
 (mass = 120.19) 
24.28 
 
alpha-pinene 22.07 
 
 
beta-pinene 23.95 
 
 
myrcene 988 
 
 
limonene 24.43 
 
 
cineole 1030 
 
 
alpha-caryophyllene 1482 
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Once volatile samples were collected on the Tenax TA cartridges they were loaded 
into a Markes Ultra 2 multi-tube auto-sampler. The volatiles were desorbed and directed to a 
Markes Unity 2 thermal desorber, which concentrated the volatiles and injected them into the 
GC-MS. A split ratio of 1/42 was employed at the Unity 2 / GCMS interface to reduce the 
amount of material being loaded onto the column. An 7890A gas chromatograph (GC) 
coupled with an Agilent 5975C mass spectrometer (MS) was used for chromatographic 
separation and compound detection. Upon injection from the Markes system the oven was 
maintained at 35 °C for 5 minutes. The oven temperature was then ramped at 4 °C / minute up 
to 150 °C. Further ramping at 10 °C / minute up to 320 °C followed. The oven was 
maintained at 320 °C for 10 minutes. The mass spectrometer conditions were as follows: the 
spectra were read at 70eV with an ion source temperature of 230 °C and Quadripole 
temperature of 150 °C. The scan detection range was set at 15 – 500 atomic mass units. 
Scanning started after a 5 minute solvent delay. A SGE BP-1 column, 60 m long, 320 micron 
internal diameter with a 1-micron film thickness (60 m x 0.32mm x 1μm) was used for 
compound separation. Samples were injected in replicates of three and the mean peak areas 
were calculated for data analysis. 
 
The standard solution of 1,2,4 – trimethylbenzene (TMB) was made up using 38.970 
mg TMB dissolved in 500mL of ethanol to give a 0.5 mol standard solution. A 100 uL aliquot 
was then injected onto each of the cartridges used in the sampling of pepper volatiles. A 
system was set up to allow injection of the standard onto the tube with constant nitrogen flow 
to ensure the ethanol fully evaporated. This method of using an internal standard was used on 
all samples and allowed for easy quantification across samples. A series of n-alkanes were 
injected to enable the calculation of Kovats retention indices to aid in identification. The 
following equation was used to determine retention indices for compounds detected in the 
GC-MS. 
        [   (   )
  (       )     ( ) 
  ( )     ( ) 
]  
 
Where: I = Kovats retention index 
  n =  the number of carbon atoms in the smaller n-alkane. 
             N =  the number of carbon atoms in the larger n-alkane. 
             tr = the retention time. 
Comment [H13]: what are n-alkanes? is 
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 66 
2.3 RESULTS 
 
2.3.1 HS-SPME 
 
Chromatograms obtained from SPME GC-FID and GC-MS analysis were difficult to 
interpret accurately due to the poor differentiation of peaks in many samples. Some samples 
such as Monks Pepper and Nigella did not experience such poor peak differentiation, 
however, even the best chromatograms were not ideal for quantitative or qualitative 
comparison. Due to these inconsistencies in peak separation and the poor and unreliable peak 
data, it was decided that this data not be extensively explored and that the experiment be re-
attempted using an alternative method. 
 
 Figure 8 clearly shows the poor peak differentiation in the GC-FID black pepper 
sample. Although not shown, there were problems with peak differentiation for most samples, 
particularly for peaks associated with lower boiling point compounds. These compounds were 
clearly in high relative concentration, suggesting that the peak area of many of the samples 
was mostly made up of the more volatile compounds. Peaks towards the end of the 
chromatogram achieved better differentiation. Regardless of the poor peak differentiation, a 
large number of compounds were detected in all samples.  
  
 The chromatograms achieved using the GC-MS method showed the same issue of 
poor peak differentiation associated with the use of this sampling technique, however, in this 
instance they were even further exaggerated (Figure 9.). The initial low boiling point volatiles 
had extremely poor peak differentiation. Some samples had better peak differentiation than 
black pepper, but very few were worthy of detailed analysis. An analysis encompassing all 
samples would have proved impossible. A large number of compounds appeared to be present 
in all samples. 
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Figure 10. GC-FID analysis of black pepper volatiles captured using SPME. Y-axis represents the detection intensity and x-axis time, with compounds with lower boiling points 
eluting first. Poor peak differentiation is clear in the first group of compounds that eluted. 
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Figure 11. GC-MS chromatogram of black pepper volatiles captured using SPME. Note the very poor peak differentiation of more volatile, lower boiling point compounds that 
eluted at the beginning of the chromatogram. 
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2.3.2 THERMAL DESORPTION DYNAMIC HEADSPACE 
 
Split optimisation in the chromatogram was first optimised to ensure that the column 
was not overloaded. Initial samples with a low split ratio led to the column being overloaded 
and consequently peak broadening, poor resolution and poor data. This was eventually 
overcome by increasing the split ratio to a level where no column saturation would occur. The 
final split for the GC was 1/42. 
 
Initial issues involving cartridge saturation were overcome by inserting a split in the 
sampling stream. Initial chromatograms showed varying ratios of monoterpene and 
sesquiterpene groups and compounds with different dilutions in the sampling split ratio. This 
indicated that the cartridges were being overloaded with the high initial volume of 
monoterpenes released from the freshly ground Black Pepper sample. The split was 
eventually reduced to a point where no shift in chromatogram shape was noticeable.  
 
 
1,2,4-trimethylbenzene Standard 
 
The internal standard 1,2,4-trimethylbenzene did not coelute with any other 
compounds in the aroma profiles of all samples. It was successfully identified in all samples 
and was used to correct all data to allow for quantitative comparisons across samples. The 
mass spectral match was above 98 % with that of the Nist08 library (Figure 10.).  
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Figure 12. 1,2,4 - trimethylbenzene (TMB). Showing TMB standard chromatogram with retention time, the 
mass spectral match with the Nist library and the structure of TMB. 
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Monitoring Peak Area over time 
 
The TMB internal standard peak area was monitored for degradation over time (Figure 
11.). The following graph shows a steady but small decrease in peak area of TMB over time. 
The equation derived from this graph was used to correct peak area data across samples.  
 
 
 
Figure 13. TMB peak area degradation over time. 
 
  
After the final injection in the figure above, the ion source was cleaned and TMB peak 
area over time returned to a consistent unchanging level (data not shown). The samples 
injected prior to the ion-source being cleaned were corrected to the average peak area of the 
samples injected post ion-source cleaning. This allowed for a full correction of peak areas 
based on the change in the internal standard; TMB, and ultimately a quantitative analysis. 
 
Monitoring retention time shift 
 
The retention time of TMB was also monitored over time and was also taken into 
consideration when correcting the peak area data of samples (Figure 12.). A total shift of 0.08 
min was observed over the duration of experiments. This was taken into consideration when 
analysing samples. 
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Figure 14. TMB retention time shift over time 
 
Calculating retention indices 
 
The retention times calculated for the set of n-alkanes injected are plotted below 
(Figure 13.). The numbers are the average of three injected n-alkane replicates. These 
retention times were used to calculate the retention indices for each of the selected 
chromatogram peaks. Retention indices were derived using the Kovats Retention Indices 
equation.  
 
 
 
Figure 15. Chromatogram of alkane standards. Showing peaks for alkanes from 8 - 20 carbon atoms in length. 
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Identification of aroma volatiles in pepper samples 
 
Over 130 compounds were successfully detected and identified across all samples 
using a combination of confirmation and identification techniques. A summary of all the 
compounds identified in each of the different peppers is given below. All calculated retention 
indices were within 2 % of those in the published literature. A great deal of information is 
given in Table 6., however a few key points are worth highlighting. Sixty-five compounds 
were identified in Voatsiperifery pepper (Piper borboneense), a pepper that has no previously 
published literature on its analytical aroma qualities. The freshly released aroma compounds 
from freshly ground Tasmanian pepper samples were detected for the first time. A total of 46 
compounds were identified for Tasmanian pepper leaf and 43 compounds in Tasmanian 
Pepper berry. A total of 19 different ‘true’ and ‘false’ peppers were characterised and 
profiled. Thirty-five compounds were detected in the Super grade black pepper sample, 
compared to the normal black sample, which had 67 compounds identified. Some compounds, 
such as limonene, were detected in all samples and others were more rare, such as geraniol 
acetate, which was only detected in the Red Sichuan pepper.  
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Table 6. Summary of compounds identified in across all pepper samples after separation using DHS-TD GC-MS.  
All compounds were identified using a combination of matching calculated retention indices (Calc. RI) with those in the literature and mass spectra using the Nist08 library 
(Lit. RI). A: Black Pepper (Piper nigrum); B: Tasmanian Pepper Berry (Tasmannia lanceolata); C: Brazilian rose Pepper (Schinus terebinthifolius); D: Maniguette (Aframomum 
melegueta); E: Monks Pepper (Vitex agnus-castus); F: Nigella (Nigella sativa); G: Tasmanian Pepper Leaf (Tasmannia lanceolata); H: Red Kampot pepper (Piper nigrum); I: 
Cubeb pepper (Piper cubeba); J: Selim Pepper (Xylopia aethiopica); K Freeze-dried Green Pepper (Piper nigrum); L: Super-grade Black Pepper (Piper nigrum); M: Jamaican 
Pepper (Pimenta dioica); N: Long Pepper (Piper longum); O: Voatsiperifery Pepper (Piper borbonense); P: Green Pepper (Piper nigrum); Q: White Pepper (Piper nigrum); R: Red 
Sichuan Pepper (S); S: Green Sichuan Pepper (S). Compunds labelled unknown were not able to be identified using the Nist spectral library. 
* samples identified with known standards.  
   Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
  2-heptanone 875 871 
 
x 
                 α-Thujene 930 928 x x x 
 
x x x x x x x x x 
 
x x x x x 
α-pinene* 937 931 x x x 
 
x x x x x x x x x x x x x x x 
Camphene 951 943 
             
x 
     Sabinene 973 979 x x x 
 
x x x x x x x x x 
 
x x x x x 
β-pinene* 978 970 x x x x x x x x x x x x x x x x x x x 
β-Myrcene* 988 978 x x x x x 
 
x x x x x x x x x x x x x 
2-Methyl-1-nonen-3-yne 992 981 
         
x 
         α-phellandrene* 1003   x x x x x 
 
x x x x x x x x x x x x x 
3-carene 1012 1006 x x x x 
  
x x 
 
x x x x x x x x x x 
α-Terpinene 1015 1005 x x x 
 
x 
 
x x x x x x x 
 
x x x x x 
m-Cymene* 1018 1017 x x x x x x x x x x x x x 
 
x x x x x 
Sylvestrene 1025 1010 
          
x x 
  
x x 
   trans-β-Ocimene 1026 1016 x 
                  Limonene* 1028 1036 x x x x x x x x x x x x x x x x x x x 
Cineole* 1030 1020 x x 
  
x 
 
x 
     
x 
      2-Heptanol 1037 1023 
   
x 
         
x x x 
 
x x 
β-Ocimene 1043 1037 x x x x 
  
x x x 
 
x x x x x x x x x 
Butanoic acid, 4-pentenyl ester         1054 1041 
      
x 
            β-Phellandrene 1054 1045 
 
x x 
    
x 
   
x 
  
x x 
   γ-Terpinene 1056 1033 x x x 
 
x x 
 
x x x x x x 
 
x x x x x 
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 Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
trans-Sabinene hydrate 1064 1065 x 
   
x 
   
x 
 
x x 
  
x x x x x 
cis-Linalool oxide 1069 1066 
 
x 
       
x 
       
x x 
2-Nonanone 1078 1070 
 
x 
                 p-Cymenene 1081 1070 x       x    x   x x x   
trans-Linalool oxide 1084 1059 
   
x 
              
x 
Isoterpinolene 1083 1074 x x 
     
x 
 
x x x 
  
x x x 
  Terpinolene 1086 1078 x 
 
x 
    
x x x x x x 
 
x x x x x 
β linalool 1092 1082 x x x x 
  
x x x x x x x x x x x x x 
Linalool, methyl ether 1101   
     
x 
             cis-sabinene hydrate 1094 1090 x 
       
x 
 
x x 
  
x x x x 
 iso-Amyl isovalerate 1098 1094 
 
x 
    
x 
            α-Thujone 1096 1096 
                  
x 
Undecane 1105 1104 
 
x x x x x x x x x x x x x x x x x 
 3-Thujanone 1107 1124 
                  
x 
Unknown 1111   
                  
x 
Unknown 1111   
   
x 
               Campholenal 1115   
 
x 
       
x x 
        cis-p-Ment-2-en-1-ol 1118 1106 
         
x x x 
  
x 
  
x x 
trans-p-Ment-2-en-1-ol 1122 1123 
                 
x 
 Allo-Ocimene 1123   
     
x 
        
x 
    Bornyl bromide 1128   
          
x 
        (±)-Camphor 1134 1138 
  
x 
          
x x 
    Pinocarveol 1136 1109 
         
x x x 
   
x 
   Unknown 1140   
         
x 
 
x 
       Pinocarvone 1151 1140 
      
x x 
 
x x x 
  
x x x 
  Isoborneol 1155   
             
x 
     Epoxylinalol 1161 1131 
                  
x 
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  Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
3-Pinanone 1163 1143 
              
x 
    Epoxylinalol 1164 1136 
                  
x 
Bornyl chloride 1166   
          
x 
        Crypton 1168 1153          x x x      x x 
4-Terpineol 1173 1161 x 
     
x 
 
x x x x x 
 
x x x x x 
Myrtenal 1182 1177 
       
x 
 
x 
 
x 
  
x x x 
 
x 
α-Terpineol 1184 1172 
 
x 
  
x 
 
x 
   
x x x 
 
x x x x x 
(-)-Myrtenol 1192 1212 
         
x 
         (-)-cis-Sabinol 1195   
  
x 
           
x 
    2-Pinen-4-one, (1S,5S)-(-)- 1195 1195 
         
x x x 
   
x 
   Acetic acid, octyl ester 1199 1181 
   
x 
               n-Octyl acetate 1198 1191 
                 
x 
 3-Thujen-2-one 1211 1181 
       
x 
   
x 
   
x 
   γ-Terpineol 1222   
          
x 
        5-Iodo-2,7-dioxa-tricyclo[4.3.1.0(3,8)]decane 1224   
         
x 
       
x x 
Thymoquinone 1232 1216 
     
x 
             Unknown 1229   
                 
x 
 (+)-Carvone 1232 1195 
          
x x 
     
x x 
(-)-Carvone 1237 1196 
           
x 
       2-Pinen-4-one 1241 1196 
       
x 
  
x x 
   
x 
   Piperitone 1245 1228 
      
x 
       
x 
  
x x 
Linalyl acetate 1253 1236 
              
x 
  
x x 
Safrol 1279 1261 
              
x 
    Bornyl acetate 1286 1269 
  
x 
          
x 
   
x x 
Thymol 1289 1266 
           
x 
       5-Tridecene, (E)- 1293 1286 
             
x 
     Eucarvone 1295 1287 
       
x 
  
x x 
   
x 
  
x 
Unknown 1297   
                 
x x 
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 Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
Tridecane 1305 1300 
             
x x x 
   Unknown 1314   
                 
x 
 Myrtenyl acetate 1321 1299 
                  
x 
Unknown 1325   
                 
x 
 Terpinene 4-acetate 1332 1332 
                 
x 
 exo-2-Hydroxycineole acetate 1339   
                 
x 
 Citronellol acetate 1344 1331 
                 
x 
 Eugenol 1347 1337 
      
x 
     
x x x x 
   α-Terpineol acetate 1349 1333 
    
x 
      
x 
    
x x x 
Nerol acetate 1354 1342 
                 
x 
 δ-Elemene 1356 1340 x 
      
x x x x x 
 
x x x x 
  α-Cubebene 1370 1350 x x x 
   
x x x x x x 
 
x x x x 
  Geraniol acetate 1369   
                 
x 
 Unknown 1380   
     
x 
         
x x 
  Eugenol methyl ether 1383 1380 
            
x x x x 
   (+)-Cycloisosativene 1393 1373 x 
     
x 
 
x x x x 
 
x x x x 
  α-Copaene 1398 1398 x x x x 
  
x x x x x x x x x x x x x 
β-Elemene 1409 1389 x x x x 
  
x x x x x x x x x x x x x 
trans-α-Bergamotene 1431 1433 
 
x 
    
x x x 
 
x x 
 
x x x x x 
 α-Gurjunene 1439 1412 x x x 
 
x x x x x 
 
x x 
 
x x x x x 
 Caryophyllene 1448 1424 x x x x x 
 
x x x x x x x x x x x x x 
(Z,E)-α-Farnesene 1455 1474 
 
x 
 
x 
   
x 
           α-Bergamotene 1454 1427 x 
 
x 
   
x 
 
x x x x 
 
x x x x x x 
β-Farnesene,(Z)-β-Farnesene 1460 1440 
      
x x x 
 
x x 
 
x x x x x x 
Alloaromadendrene 1462 1459 x x 
  
x x 
             β-Santalene 1467 1445 
                
x 
 
x 
(Z,E)-α-Farnesene 1469   
 
x x 
   
x 
      
x 
     α-Amorphene 1474 1490 
 
x x 
   
x 
 
x x x x 
 
x x x x 
 
x 
α-Caryophyllene 1482 1424 x x x x x 
 
x x x x x x x x x x x x x 
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 Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
α-Curcumene 1489 1472 
 
x x x x 
 
x 
 
x x x x 
 
x x x x x x 
γ-Muurolene 1496 1488 
 
x x x 
  
x x x x x x 
 
x x 
 
x x x 
Germacrene D 1505 1482 
 
x x 
   
x 
 
x x x x 
 
x x x x x x 
α-Selinene 1514 1500 x x 
    
x x x x x x x x x x x x x 
(+)-Valencene 1519 1492 
        
x 
          β-Bisabolene 1521 1521 x x 
 
x x 
 
x x x x x x x x x x x x x 
Bicyclogermacrene 1525 1496 
  
x 
                δ-Guaiene 1528 1510 
      
x x x x 
    
x 
    Cadina-1,3,5-triene 1540 1513 
   
x 
  
x x 
           γ-cadinene 1536 1510 
             
x x x 
 
x x 
(+)-δ-Cadinene 1540 1514 x x x x 
    
x x x x 
 
x x x x x x 
α-Farnesene 1544 1499 
               
x x 
  (-)-α-Panasinsen 1547   
       
x 
  
x 
  
x x 
    Selina-3,7(11)-diene 1548 1533 
           
x 
       cis-α-Bisabolene 1552 1521 
           
x 
 
x x x x 
  Cadina-1,4-diene 1555 1546 
 
x x 
   
x 
 
x x 
         α-Calacorene 1560 1539 
        
x 
 
x x 
  
x x x 
 
x 
Elemol 1565 1535 
          
x x 
  
x x 
  
x 
beta-Calacorene 1580 1548 
          
x x 
  
x x x 
  Spathulenol 1605 1567 
 
x x 
   
x 
            Germacrene B 1604 1554 
        
x x x 
        Caryophylene oxide 1613 1576 x 
  
x 
  
x x x 
 
x x 
 
x x x x 
  (+)-Nerolidol 1612 1577 
                  
x 
Apiol 1619 1645 
       
x 
      
x x x 
  Guaiol 1619 1582 
      
x 
            Dehydroxy-isocalamendiol 1634 1593 
      
x 
            Ledol 1638 1597 
        
x x 
         Humulene oxide II 1641 1572 
   
x x 
              Cubenol 1655 1623 
        
x x 
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   Pepper Samples 
Compounds Calc.RI Lit.RI A B C D E F G H I J K L M N O P Q R S 
δ-Cadinol 1660 1605 
           
x 
       β-Eudesmol 1681 1643 
          
x x 
       α-Eudesmol 1685 1643 
          
x x 
       Cadalene 1693 1655 
           
x 
       8-Heptadecene 1697 1719 
           
x 
  
x 
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The graph below (Figure 14.) shows the total peak area for all the true and false 
peppers. True peppers are highlighted in Blue, and false peppers are highlighted in Red. The 
graph shows the variability in the total quantity of volatiles emitted and detected by the GC-
MS. All ‘true’ peppers showed a strong overall detection response for total volatile emissions, 
with long pepper being the only exception. There was a high variability in overall emissions 
amongst the false peppers. Samples such as Vitex agnus-castus and Tasmanian pepper berry 
showed low total emissions, whereas Brazilian pepper showed the highest level of volatile 
emissions across all true and false pepper samples. Green Sichuan pepper showed a far 
greater emission level than Red Sichuan pepper. 
 
 
 
Figure 16. Total volatile emissions for different true and false peppers. Total volatile emissions are indicated 
by peak area. True peppers are indicated in blue, false peppers indicated in red. 
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Figure 15 compares samples in a quantitative manner. The graph shows the 
comparison of a number of key compounds in normal black pepper and super grade black 
pepper. The monoterpene levels appear to be relatively unchanged however some of the 
heavier, later emitting sesquiterpene compounds, such as alpha-copaene and beta-bisabolene 
are significantly higher in the supergrade sample. Compounds are listed in the order that they 
eluted from the GC, with monoterpenes grouped towards the beginning and many of the 
sesquiterpenes towards the end. A simple t-test revealed that the two samples were not 
statistically different (P > 0.05). 
 
 
 
Figure 17. Peak area differences for major volatile constituents of super grade and normal black pepper. 
Volatiles are in order of elution from the GC (left to right). Lower boiling point compounds to the left, higher 
boiling point compounds to the right. The two samples were not significantly different ( P > 0.05). 
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2.4 DISCUSSION  
 
SPME 
 
The results obtained using SPME in with both GC-FID and GC-MS were difficult to 
interpret. In almost all samples the highly volatile monoterpene compounds and some of the 
later eluting compounds were not effectively separated in the chromatogram (Figures 8 and 
9). This made quantification and identification extremely difficult and most likely inaccurate. 
Consequently, the data were not thoroughly investigated and the experiment was repeated 
using the DHS-TD GC-MS method. Further assessment of GC temperature programs may 
help in achieving best peak differentiation. 
 
The poor peak data was most probably due to the oversaturation of the 
chromatographic column. As reported in the literature, black pepper has a high concentration 
of highly volatile monoterpene compounds (Parthasarathy et al., 2008). It is highly likely that 
the volume of volatiles collected on the SPME fibre and injected into the GC for both the FID 
and MS detectors was too high. Unfortunately it was not considered at the time, but a split in 
the injector of the GC would likely have resolved this issue. This would have effectively 
reduced the amount of sample passing into the column. The understanding of this issue was 
taken into consideration when developing the TD-DHS method.   
 
TD-DHS GC-MS 
 
The use of a TMB benzene internal standard successfully allowed for the monitoring 
of consistent chromatographic conditions and ultimately allowed for the adjustment of data to 
enable the effective quantifiable comparison of different samples. This is illustrated best in 
Figure 15, where two different black pepper samples were compared both qualitatively and 
quantitatively. Shifts in peak area and retention time (Figures 11 and 12) were effectively 
monitored and accounted for in the quantification and identification processes. Without the 
use of the TMB internal standard the effective quantification and confirmation of compound 
identification would have been considerably more difficult. Stable isotope labelled internal 
standards are the most current and accurate form of standards, however due to the excessive 
costs associated were not within the realm of possibility in this study. In future studies a 
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greater number of internal standards would be of benefit to further guarantee the accuracy of 
quantification and compound indentification. 
  
The calculation of Kovats retention indices using the the kovats equation and retention 
times derived from the injection of a series of alkane (C8 – C22) standards and a comparison 
with those already reported in the Nist 08 library proved successful. Over 130 compounds 
were identified using the combination of these retention times and the matching of mass 
spectra with the nist08 library. This combination of identification techniques is commonly 
used throughout the literature (Cardeal et al., 2006; Korany & Amtmann, 1997). It enables the 
rapid identification of a vast number of compounds without the injection of known standards 
for every single compound.  A number of known standards were also injected for compound 
confirmation of some of the key contributing volatiles found in black pepper. The use of the 
alkane standards and other external standards allowed for very effective compound 
identification. This combination of techniques would be recommended in further studies in 
this area of research. Compounds of particular interest should be purchased or formulated for 
accurate identification of key volatile compounds. 
 
Calibration curves were established for each of the known standards to allow for the 
quantitative calculation of these compounds in samples (not shown). The peak area data and 
equations derived from the standard curves were used to calculate these concentrations. The 
data obtained from samples that were injected for the calculation of the calibration curves was 
highly variable and unreliable. It was therefore not used to calculate respective g/g 
concentrations of the standards in each sample. It became apparent that the rapid deterioration 
in peak areas during the running of standards also coincided with the rapid deterioration of the 
filaments in the detector of the MS. Although it was not critical in this study, the effective use 
of standards in this way would allow for a real g / g quantification of volatiles in a sample 
over time. These values could then be manipulated using corrective odour impact values to 
give some extremely informative and accurate data into the aroma composition of the given 
sample (van Ruth, 2001).  
 
Table 6 illustrates the success of the combination of the chosen dynamic headspace 
sampling technique with GC-MS separation and detection. Samples such as Voatsiperifery 
pepper, a pepper that has had no formal aroma chemistry studies completed, was successfully 
characterised. Tasmanian Pepper is another pepper that has no published data on the freshly 
released volatiles from grinding. The sampling method in this study was optimised for black 
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pepper, yet proved effective for the sampling of volatiles rom a wide range of different true 
and false peppers. This indicates that the method could be successfully applied to a wide 
variety of different dried spices and general foodstuffs.  
 
Once established, the method was easy to replicate. The sampling method for specific 
samples could be further optimised by manipulating the split ratios in both the sampling 
method and the gas chromatograph. The coupling of TD-DHS with GC-MS has great 
potential as a method for volatile anlaysis in food. Although SPME appears to be the 
currently preferred method for sampling (Augusto et al., 2003), TD-DHS has a greater 
sensitivity and would potentially allow for the detection of compounds previously not 
detected in SPME studies (Pfannkoch and Witecavage, 2000). 
 
The total volatile emissions from the different true and false pepper samples varied 
greatly (Figure 14). This variability illustrates the potential for large variations in the aroma 
qualities of different peppers. Fortunately, the method outlined in this experiment coped with 
the variance in emissions, proving to be an effective method for the analysis of sampling 
groups with large expected differences in volatile emissions. 
 
The comparison of super grade and normal black pepper was undertaken to exercise 
and highlight the usefulness of the developed method. Super grade black pepper (Piper 
nigrum) is different to normal black pepper due to processing methods after harvest. 
Normal/standard black pepper is picked and left in the sun to dry and turn black, a process 
that can take up to 14 days. Super grade black peppercorns are picked and directly transported 
to the factory where they are rapidly submerged in boiling water, initiating the enzyme 
reaction that makes them turn black, reportedly reducing the overall loss of key volatile 
compounds. They are also hand-sorted for higher quality control (Ravindran, 2000). Figure 15 
shows that the concentration of volatiles in the super grade sample were generally similar to 
that of the normal black pepper sample, except the higher boiling point compounds, which 
appeared to remain in higher concentrations in the supergrade sample. The comparison of the 
volatile profiles of the two samples is well illustrated in this study, however it is difficult to 
confirm that any differences in the volatile profile of these samples is due to their particular 
processing method. The volatile levels would have been expected to be significantly higher in 
super grade sample, however this was not the case. The simple t-test revealed that the samples 
were not statistically different ( P > 0.05 ) 
 
Comment [H15]: ? 
Comment [H16]: in this study or in 
literature? 
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Any variations that did occur may also be due to differences in growing conditions 
and other post-harvest factors, such as storage conditions. However the comparison does 
show how this method can easily be used to quantifiably compare the volatile profile of 
different pepper samples. 
 
 
 
2.5 CONCLUSIONS 
 
 Solid phase micro-extraction sampling has been extensively used as an effective 
method for the analysis of aroma volatiles (Augusto et al., 2003; Kataoka et al., 2002). 
Although in this study, we had issues with chromatographic separation, it is likely that had 
these issues been resolved the method would have been effective at characterising the aroma of 
the different true and false peppers. This method remains a simple and cost effective way to 
qualitatively analyse food and spice aroma. 
 
 TD-DHS sampling coupled with GC-MS separation and identification proved to be a 
very effective way of characterising the aroma of volatiles released from freshly ground 
pepper samples. Furthermore, the sampling method designed in this study allowed for the 
sampling of volatiles released from a sample in a way that accurately reflects the consumer 
experience. 
 
 Over 130 compounds were identified, some of which had not previously been 
identified in their respective species. The method proved successful for the quantitative and 
qualitative characterisation of many different aroma compounds. Slight manipulations in the 
split ratios of the gas chromatograph and the sampling system would likely show the large 
potential for this techniques application in aroma science. 
 
 Although this method has large initial set-up costs, the sensitivity and broad 
application, coupled with its quantitative capabilities indicates that it should be a preferred 
method in the future for the accurate profiling of aroma components of various foods. 
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CHAPTER III 
 
EFFECTS OF PRE-GRINDING ON THE AROMA OF 
TASMANIAN PEPPER LEAF AND BERRIES 
 
 
3.1 INTRODUCTION 
 
Assessing the volatile profile of spices is an effective means of assessing quality. 
Volatile depreciation or loss is a clear sign of aroma loss and in most circumstances quality 
deterioration (Augusto et al., 2003; Maul et al., 2006). Little to no literature has been 
published on the processing effects of pre-grinding on Tasmanian pepper quality. 
 
Tasmanian pepper as a commercial food ingredient is relatively new and as such it is 
still emerging and entering new markets. Production started out relatively small and was 
mostly wild harvested, until the early 1990’s when the spice gained some international 
interest. At this point, production started to increase and by the late 1990’s and early 2000’s 
the spice was in reasonably high demand in respect to the amount being produced. With 
demand outstripping supply, the industry had a temporary surge in investment into crop 
development and harvesting. However, at present supply is greater than demand and without 
further investment into product development and marketing the industry will struggle (Clarke, 
2012). Characterising the aroma of this unique spice and creating a dialogue for its flavour 
characteristics is an essential part for aiding market development. Increased understanding 
into the postharvest quality of this crop will also aid in product reliability and quality. 
Developing a strong, reliable product that has its own unique flavour dialogue and continued 
investment in marketing will hopefully see this great pepper reach its potential as an 
international rival for black pepper (Smyth, 2010). 
  
This study aims to use the techniques that have been developed in earlier studies of the 
project to assess the effects of pre-grinding on Tasmanian pepper leaf and berry quality. 
Dynamic headspace sampling using Tenax TA cartridges coupled with thermal desorption 
and gas chromatography mass-spectrometry was used to compare the volatile profiles of pre-
ground Tasmanian pepper and freshly ground Tasmanian pepper samples. 
 87 
3.2 MATERIALS AND METHODS 
 
The method for sampling ground Tasmanian Pepper samples was almost exactly the 
same as for the thermal desorption analyses used for the analysis of pepper samples from 
around the world. However, as the pre-ground samples were already ground they did not need 
to be further ground. Instead, the same method was used with a slight variation. The pre-
ground samples did not undergo any further grinding under liquid nitrogen but were simply 
directly weighed and transferred into the grinder. The grinder was still sealed, however, the 
inner part of the burr grinding mechanism was removed to allow the ground product to fall 
straight into the grinds chamber without grinding. The grinding apparatus remained 
completely sealed as per the previous experiment. 
 
The same chromatographic instruments and settings were used as per the previous 
experiment (see page 66). The peak areas of the different types of Tasmanian Pepper were 
adjusted according to the internal standard, giving relative values that could be easily 
compared across samples. Similar to the previous experiment, retention indices were 
calculated and assisted in compound identification with the comparison of mass spectra with 
the Nist 08 library. 
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3.3 RESULTS 
 
 The following table is a summary of all the compounds identified in Tasmanian 
Pepper samples. Values represent the % composition within the sample. A total of 56 
compounds were identified across all samples, of which 48 were identified using retention 
indices and the Nist 08 mass spectral library (and some with known standards – see table 
below).  
 
Table 7. Volatile constituents of Tasmanian pepper berry and leaf. Showing differences in relative 
concentrations between freshly ground and pre-ground samples. Blank cells indicate no detection. tr = trace 
levels detected. * Compounds with known standards used for confirmation.  (-) = not detected 
 Peak Area Composition (%) 
Compound Berry 
Fresh 
Berry Pre-
ground 
Leaf 
Fresh 
Leaf Pre-
ground 
2-heptanone 0.33 - - - 
α-Thujene 0.14 - - - 
α pinene* 7.37 - 3.12 - 
Sabinene 3.04 - 0.43 0.13 
β pinene* 2.77 - 1.12 0.07 
β-Myrcene* 7.44 - 2.29 - 
α phellandrene 1.67 0.50 5.45 0.92 
3-carene 0.99 0.81 0.15 0.61 
α-Terpinene tr - 0.11 - 
m-Cymene 0.89 0.25 4.01 0.42 
Limonene* 10.14 1.55 10.73 1.88 
Cineole* 12.10 9.35 4.79 2.29 
β-Ocimene 1.17 - tr - 
Butanoic acid, 4-pentenyl ester 0.28 - 0.10 - 
γ-Terpinene 0.12 - - - 
cis-Linalol oxide 0.22 0.18 - - 
2-Nonanone 1.73 - - - 
Isoterpinolene 0.20 0.20 - - 
Terpinolene 0.10 - - - 
β linalool 29.44 56.79 21.87 23.90 
iso-Amyl isovalerate 0.54 - tr - 
Campholenal tr - tr - 
α-Terpineol 0.45 0.21 0.24 - 
Piperitone - - 0.90 0.50 
Eugenol - - tr - 
α-Cubebene 3.11 2.73 9.62 15.63 
β-Cubebene - - tr 0.02 
α-Copaene 0.47 0.54 2.26 2.47 
β-Elemene 0.10 - 0.58 0.72 
trans-α-bergamotene tr - 0.27 0.06 
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Compound Berry 
Fresh 
Berry Pre-
ground 
Leaf 
Fresh 
Leaf Pre-
ground 
α-Gurjunene 6.95 9.22 3.41 3.51 
Caryophyllene* 1.20 1.30 3.96 4.57 
α-bergamotene - - 0.52 0.44 
β-Farnesene - - tr 0.08 
(Z,E)-α-Farnesene 0.30 0.64 tr - 
α-Muurolene - - 0.32 0.89 
α-Caryophyllene - - tr 0.22 
α-Amorphene 0.20 0.18 - - 
Unknown tr - - - 
α-Curcumene 2.21 5.96 4.59 3.84 
γ-Muurolene - - 0.27 0.52 
Germacrene D 0.14 0.15 0.85 0.42 
Unknown tr - - - 
α-Selinene tr - 0.13 0.29 
β-Bisabolene 1.20 1.44 2.09 6.29 
Unknown - - 0.11 - 
Cadina-1,3,5-triene 1.63 7.82 7.24 25.78 
Unknown - - tr 0.30 
Cadina-1,4-diene 0.95 1.28 3.12 2.54 
Unknown - - 0.22 0.09 
Spathulenol 0.16 0.40 0.58 0.65 
Unknown - - tr - 
Guaiol - - 1.00 0.23 
Dehydroxy-isocalamendiol - - 3.21 0.28 
 
 
The mean peak areas for the main compounds identified were compared for both 
freshly ground and pre-ground Tasmanian Pepper berry samples. The results below clearly 
indicate higher levels of almost all identified compounds in the freshly ground sample. Higher 
levels in the monoterpene group that elutes first from the GC were particularly significant. 
This is clear in both figures 16 and 17, representing the quantitative differences between pre-
ground and fresh samples and the actual chromatograms presented in figures 18 and 19. 
Chromatograms from pre-ground samples showed a significant reduction in all peaks when 
compared to the freshly ground samples.  
 
 
 
 
 
 90 
Pepper Berry 
 
The first four eluting compounds; alpha-pinene, sabinene, beta-pinene and myrcene, 
all went undetected in pre-ground samples, but were all significant contributors in freshly 
ground samples (Figure 16). In fact the first 8 compounds detected in the fresh sample, 
making up 35.4 % of total peak area, only made up 3.1 % of the total peak area in the pre-
ground sample. Beta linalool was by far the major component left in the pre-ground profile. 
The compounds with higher boiling points were retained better in the pre-ground sample, 
with alpha-cubebene, alpha-gurjunene, alpha-curcumene and cadina-1,3,5-triene present in 
significant quantities. Overall a huge reduction in volatiles was observed, especially in 
compounds with lower boiling points. A t-test also revealed that the samples were 
significantly different ( P < 0.05 ). 
 
Pepper Leaf 
 
Similarly the results obtained comparing the main volatile components detected in 
pre-ground and freshly ground Tasmanian Pepper leaf also showed considerable reductions in 
volume in the pre-ground samples. Similar to the berry samples, there were huge losses in the 
lower boiling-point compounds in the pre-ground samples, with some retention of some of the 
higher boiling-point compounds such as alpha-cubebene and cadina-1,3,5-triene. Beta-
linalool was also reasonably well retained, similarly to the berry sample, and was the major 
component of both the pre-ground and fresh leaf samples (Figure 17). A t-test also revealed 
that the samples were significantly different ( P < 0.05 ).
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Figure 18. Total volatile emissions for each of the major compounds identified in the pre-ground and freshly ground Tasmanian Pepper berry samples. Emissions are indicated 
by peak area. Emissions from the freshly ground berry sample are given in blue whereas the pre-ground sample are given in red. Compounds are given in the order they eluted 
from the GC, from left to right, with lower boiling point compounds eluting first. Pre-grinding was shown to have a statistically significant effect on volatile emmisions (P < 
0.05). 
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Figure 19. Total volatile emissions for each of the major compounds identified in the pre-ground and freshly ground Tasmanian Pepper leaf samples. Emissions are indicated 
by peak area. Emissions from the freshly ground leaf sample are given in blue whereas the pre-ground sample are given in red. Compounds are given in the order they eluted 
from the GC, from left to right, with lower boiling point compounds eluting first. Pre-grinding was shown to have a statistically significant effect on volatile emmisions (P < 
0.05) 
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B  
Figure 20. Chromatograms for fresh and pre-ground Tasmanian Pepper leaf and berry samples. A: Fresh berry; B: 
Pre-ground berry. The Y-axis represents peak area and the X-axis time. Total ion chromatograms (TIC) have been 
presented. Base peak data was subtracted prior to quantitative calculations 
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Figure19. Chromatograms for fresh and pre-ground Tasmanian Pepper leaf and berry samples. A: Fresh Leaf; B: 
Pre-ground Leaf. The Y-axis represents peak area and the X-axis time. Total ion chromatograms (TIC) have been 
presented. Base peak data was subtracted prior to quantitative calculations. 
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 The total peak area of chromatograms from the sampling of pre-ground and freshly ground 
Tasmanian Pepper samples were determined (Figure 20). Total peak area was clearly reduced as a 
consequence of the pre-grinding process. The total peak area in Tasmanian Pepper leaf due to pre-
grinding was only 15 % of its initial value, as calculated in the freshly ground sample. Similarly, 
the total peak area in Tasmanian Pepper berry due to pre-grinding was only 28 % of its initial 
value. These are significant losses in total volatile emissions. Both were statistically shown to 
have a significant reduction in volatile emissions in the pre-ground samples using simple t-tests ( 
both P < 0.05) 
 
 
 
Figure 21. Total peak area of freshly ground and pre-ground Tasmanian pepper leaf and berry samples. Both leaf 
and berry had significant differences in total volatile emmisions between whole and ground samples ( both P < 
0.05). 
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3.4 DISCUSSION 
 
The aroma chemistry of freshly ground Tasmanian Pepper berry and Tasmanian Pepper 
leaf have not been previously characterised using these methods. A recent document produced 
by the Rural Industries Research and Development Corporation (RIRDC), outlining the unique 
flavour properties of Australian native foods, designated sensory descriptors for these products 
but no qualitative or quantitative chemical data has been released on the freshly released 
volatiles (Smyth, 2010). The alcohol extract constituents of Tasmanian Pepper leaf have been 
characterised, with alpha-pinene, linalool, eugenol, alpha-cubebene, beta-caryophyllene, 
myristicin, calamanene, cadina-1,4-diene, spathulenol and guaiol being the main compounds 
identified (Menary et al., 1999). One might expect the freshly released volatiles captured in the 
headspace to be of similar qualitative character, but with significant differences in the 
distribution and concentration. Alcohol extracts contain all the volatile oils that can be extracted 
from the plant material, whereas in the headspace aroma of freshly ground spices it is only the 
more volatile fraction that will be sampled. The heavier, less volatile fraction will not enter the 
headspace in significant concentrations and may not be detected at all. The amount and range of 
volatiles released is partially due to the conditions under which sampling occurs, including 
mechanical and thermal pre-treatments (Dravnieks & O’Donnell, 1971; Kolb & Ettre, 2006). The 
major constituents of the headspace of Tasmanian Pepper leaf included Linalool, limonene, 
alpha cubebene, cadina-1,3,5-triene, alpha phellandrene, cineole, alpha curcumene, m-cymene, 
caryophyllene, alpha gurjunene and dehydroxy-isocalamendiol. All but dehdroxy-isocalamendiol 
have been previously reported in the essential oil extract of Tasmanian pepper leaf (Menary et 
al., 1999). 
 
The peak areas in pre-ground samples are clearly much lower than those in the freshly 
ground samples (P < 0.05). Figure 20 shows just how significant the losses are in total volatile 
emissions. The total peak areas for both Tasmanian Pepper berry and to a larger extent, 
Tasmanian Pepper leaf, are both far higher in the freshly ground samples (Figures 16 and 17). 
Looking at the volatile constituents individually in Tasmanian Pepper berry, it is clear that in 
freshly ground samples there are high levels of the more volatile monoterpenes, alpha pine, 
sabinene, beta-pinene, myrcene, limonene and cineole. These monoterpenes are almost 
completely absent in the pre-ground sample, which shows only a small amount of limonene and 
cineole and virtually none of the other compounds. Linalool is the most abundant volatile 
compound in the berry and remains a major contributor in the ground sample.  
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As plant parts are crushed, the volatile oils are released from the cellular compartments 
within which they have been compartmentalised (Murthy et al., 1999). Consequently, as the pre-
ground pepper products are ground they will inevitably lose a proportion of the volatiles during 
the grinding process. The more volatile, lower boiling point volatiles will be lost first. This 
explains the large loss of monoterpenes in both the pre-ground leaf and berry samples. Reducing 
the temperature of the sample and removing oxygenating O2 gas during processing are some of 
the methods that are often employed to help reduce losses in pre-ground food samples (Lindley, 
1998). Packaging in containers that are pressurized with CO2 can reduce oxygenation and 
flavour changes (Church et al., 2006). Unfortunately, it is likely there will always be some level 
aroma loss in pre-ground spices.  
 
Whereas these results come as no surprise, it is important to establish where the losses 
occur and how they affect the overall aroma. For instance; isoAmyl isovalerate has been reported 
as having the following odour descriptors; sweet, fruity, green ripe, apple, jammy and tropical 
(Brechbill, 2009). According to the document released by RIRDC on the flavours and aromas of 
different native foods, one of the important odour descriptors in Tasmanian Pepper berry is the 
fruity lolly note (Smyth, 2010). It is possible that iso-amyl isovalerate is a significant contributor 
to this aroma and may be of interest in monitoring quality and product freshness in the future. If 
this compound is considered to have a desirable and unique aroma then its retention over time is 
preferred and should be considered in processing techniques.  
 
Our results clearly show a significant reduction in this compound in the pre-ground 
product. Unfortunately, no organoleptic experiments were conducted in this study to assess the 
human detectable aroma changes in the fresh and pre-ground product, so it is not possible to 
make this link. However, this may be an interesting point of research in the future. Another 
compound that was only detected in Tasmanian Pepper was 2-nonanone. This compound has 
previously been described as fresh, sweet, green, weedy, earthy and herbal and may also be a 
contributor to the fruity note in Tasmanian Pepper Berry (Brechbill, 2009). Both iso-amyl 
isovalerate and 2-nonanone were not found in other pepper samples and are therefore of potential 
interest in uncovering the unique flavour of Tasmanian Pepper berry. Beta Linalool, a compound 
frequently found in pepper samples was also found in Tasmanian Pepper. In fact, it had by far 
the largest peak area and made up 30 % of the total peak area in pepper berry. Linalool has been 
reported as having citrus, orange, floral, terpy, waxy, rose and blueberry notes (Brechbill, 2009). 
Linalool could also therefore be speculated as being a significant fruity odour contributor. 
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Linalool is reported in the literature as having a relatively high odour threshold and therefore is 
required in large amounts to make a significant impact on aroma (Jagella & Grosch, 1999). 
 
Table 8. Compounds of interest in Tasmanian pepper berry. These compounds would be worth consideration in 
further studies. 
 
isoamyl isovalerate 
 
2-nonanone 
  
linalool 
 
 
The odour impact value for many of the compounds must be established to ensure a true 
understanding of their proportional impact on the overall aroma (Casimir & Whitfield, 1978). 
Linking the new flavour descriptors established in the recent characterisation of the sensory 
attributes of this pepper, with the chemistry information that has been uncovered in this study 
would be advantageous. Gas chromatography-olfactometry coupled with odour dilution tests and 
the methods outlined in this study, may prove to be a suitable means for achieving and 
understanding the link between Tasmanian Pepper chemistry and the human sensory response.  
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3.5 CONCLUSIONS 
 
 
This study highlighted the usefulness of DHS-TD GC-MS for the quantitative analysis of 
aroma compounds in Tasmanian Pepper. This technique allowed us to clearly highlight the 
quantitative differences in the aroma profile of freshly ground and pre-ground Tasmanian Pepper 
spice samples. This method has proven to be an effective method for the measurement of 
quantitative aroma loss in ground spices. Any adaptations in the commercial processing of 
Tasmanian pepper products would benefit from using this method to assess the impact of 
processing on the qualitative aspects of different aroma compounds. Organoleptic studies, 
involving both sensory assessments and GC-O studies should also be conducted to help join the 
dots between the chemistry of the different aroma compounds and their actual impact on the 
human olfactory system and consequently the consumer experience. 
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CHAPTER IV 
 
ESSENTIAL OIL CONSTITUENTS OF TASMANIAN PEPPER 
BERRY AND LEAF 
 
 
4.1 INTRODUCTION 
 
Aromatic plants and their essential oils have a long history of use by humans. 
Traditionally used for a number of purposes, including natural remedies, ceremonial uses and as 
perfume, aromatic plants and their essential oils today have great economic value. As the 
perfume, cosmetic and food industries continue to expand they are constantly on the lookout for 
new aromas and flavourings. The level of international trade and the amount of research into 
essential oils is rapidly increasing and this is expected to continue. Uncovering new aromas, or 
natural products that are high in desired aroma compounds is essential to the growth of these 
industries (Sangwan et al., 2001).  
 
Along with use in the perfumery, cosmetic and food industries, essential oils have been 
shown to aid in gastric discomfort, flatulence and to stimulate appetite. They also show the ability 
to be antiseptic, carminative, stimulative, expectorant, diuretic and present a number of other 
benefits relevant to the pharmaceutical industry. The antimicrobial and antifungal capacity of 
many essential oils has been well illustrated and further demonstrates the wide and important 
application of essential oils  (Sasidharan & Menon, 2010). 
 
Tasmanian Pepper (Tasmannia lanceolata) is one example of a novel product that is 
catching the eye of the essential oils industry. The health benefits of Tasmanian pepper are 
highlighted by the key pungent compound, polygodial, which has attracted attention for its 
antimicrobial and antifungal properties (Munoz-Concha et al., 2007). The high antioxidant levels 
and anti-cancerous effects of Tasmanian pepper have been well described (Sakulnarmrat et al., 
2013; Tan et al., 2011). Konczak et al. (2010) have shown that the antioxidant capacity, total 
phenolic and anthocyanin levels in Tasmanian pepper are greater than most other commonly eaten 
berries (Konczak et al., 2010). The three main products produced from the plant and that are of 
interest to industry are the leaf; mainly used dry, and the berries, which come dried and freeze-
dried (Clarke, 2012). 
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Figure 22. Polygodial Structure (Munoz-Concha et al. 2007) 
  
Native to southeastern areas of Australia, Tasmanian Pepper was recognized as early as 
1804 as being ‘highly aromatic but accompanied with an exceedingly bitter & pungent taste’ by 
Robert Brown, a colonial botanist and one of the earliest botanists to visit Tasmania. Since this 
early report, little was mentioned of the intriguing shrub until it was formally recorded and 
described by Sturtevant in 1919. Little was done with the plant until the 1980’s when the first 
attempts at commercial production took place. Stimulated by Japanese interest for use in Wasabi 
pastes, commercial production was undertaken reasonably unsuccessfully until the early 1990’s, 
mainly due to issues with growing and production (Menary, 1999). Research in the early 1990’s 
saw the product gain new respect and standing as a potentially valuable product. The relatively 
small ‘cottage industry’ was beginning to find some market traction. Real interest came a few 
years later when Essential Oils of Tasmania recognized its potential, and a greater level of 
research into its chemistry and production began. Unfortunately, however, the industry is starting 
to slow and the need for product characterization, improved production methods and better 
marketing remain essential to the continued success of the various products (Clarke, 2012). 
 
The minimal published data on essential oil extracts has mainly been on Tasmanain 
Pepper leaf. The key volatiles that have been identified are alpha-pinene, linalool, eugenol, alpha-
cubebene, beta-caryophyllene, myristicin, calamanene, cadina-1,4-diene, spathulenol and guaiol 
(Menary et al., 1999). This study aims to add to the limited amount of available data on 
Tasmanian Pepper essential oil composition and potentially contribute further to what is already 
understood about the flavour of these unique products. As very little data is available in the 
literature about the essential oil content of Tasmanian Pepper berries, their composition is of 
considerable interest. How the different processing methods for both the dried and freeze-dried 
berry products available on the market affect the essential oil profile will be investigated. This 
experiment will also aim to compliment the previous two experiments in this study, looking at the 
overall flavour characterisation of Tasmanian Pepper, and give a more complete picture of its 
flavour profile. 
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4.2 MATERIALS AND METHODS 
 
 
Essential oil Extraction 
  
The essential oil of Tasmanian pepper berry (dried and freeze-dried) and ground leaf was 
hydro-distilled using a Clevenger-like apparatus. A sample size of 100g was added along with 1 
litre of water to the carrier vessel of the Clevenger apparatus and was distilled for 5 hours. The 
unground berries and leaf underwent a rough grinding before being added to the Clevenger 
apparatus to assist in the extraction process. Both leaf and berry essential oils were distilled 
twice to give two replicates for GC-MS injection. The essential oil was collected, weighed and 
stored at - 20 °C until later analysis with the GC-MS. 
 
Gas Chromatography Mass Spectrometry 
 
The essential oil samples were diluted at a ratio of 1 : 10 in hexane prior to GC-MS 
injection. This ratio had ben previously described in publications assessing essential oil content, 
and when tried in this experiment gave positive chromatographic separation so was used for all 
samples and replicates. 
 
For the GC-MS analysis a Thermo Finnigan Trace Ultra GC, with a Zebron ZB5 MS 
column (30 m x 0.25mm x 0.25μm) was used in conjunction with a Thermo Finnigan Trace DSQ 
mass spectrometer detector. A Thermo TriPlus Austosampler was used for automated injection. 
The GC conditions were as follows: 1 μl was injected with a split ratio of 1 : 150. A 4 min 
solvent detection delay was employed to account for the hexane injected, and help with 
maintaining the life of the detector filaments. The injector temperature was set at 250 °C. The 
oven temperature started at 60 °C and was maintained for 1 min. The oven was then ramped to 
180 °C at a rate of 2 °C increase per a minute. This was maintained for a further minute. The 
oven temperature was then further ramped to 270 °C at 15 °C per a min and maintained at that 
temperature for 3 minutes. The mass spectrometer detection range was set at 50-450 atomic mass 
units with an ion source temperature of 200 °C. The detector gain was 1453V. Each of the 
replicate pepper samples was injected in triplicate.  
 
Chromatograms were produced and analysed using Xcalibur software. The mass spectra 
were analysed and the compounds tentatively identified with a comparison to the Nist08 Library. 
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4.3 RESULTS 
 
From the 100 g samples 0.65 g of essential oil was extracted for the dried Tasmanian 
Pepper berry. 0.71 g of essential oil was recovered from the freeze-dried berry and 2.17 g from 
the crushed leaf. 
 
The main compounds from the different samples were identified and their relative peak 
area compositions were successfully determined. The main compounds identified in both the 
dried and freeze-dried berry samples were highly similar. The main constituents were alpha and 
beta pinene, cineole, beta linalool, alpha gurjunene, alpha-curcumene, elixene, γ-cadinene, 
calamenene, myristicin, cadina-1,4-diene, spathulenol, guaiol, dehydroxy-isocalamendiol and 
unknown 4. The main constituents of the essential oil extracted from crushed leaf sample were 
alpha pinene, beta linalool, α-cubebene, α, copaene, caryophyllene, 8-isopropyl-5-methyl-2-
methylene-1,2,3,4,4a,5,6,7-octahydronaphthalene, cadina-3,9-diene, germacrene D, β-guaiene, δ-
cadinene, calamenene, cadina-1,4-diene, spathulenol and guaiol. For all samples the compounds 
identified and listed in Table 7 made up between 90-92 % of the total peak area detected. 
 
Figure 21 shows the clear similarity in the volatile profile of the dried and freeze-dried 
berry samples. The volatile profile of the leaf sample is considerably different to that of the berry 
samples. A far greater proportion of the overall peak area is due to compounds being detected 
later through the chromatographic run. These compounds are of higher boiling point and the 
major contributors such as calamenene and cadina-1,4-diene are sesquiterpenes. The berry 
samples have a higher relative composition of the more volatile monoterpene compounds such as 
alpha- and beta-pinene and cineole.  
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Table 9. Percentage composition, indicated by peak area, for essential oils derived from dried and freeze-dried 
Tasmanian pepper berry and crushed Tasmanian pepper leaf.  Percentage composition is representative of peak 
area. Compounds are in order of GC elution (from top to bottom). 
 % Composition  
Compound Dried Berry Freeze-Dried 
Berry 
Crushed Leaf 
2-heptanone 0.14 0.25 - 
α-pinene 11.79 10.56 2.25 
β-phellandrene 0.19 - - 
β-pinene 3.19 3.7 0.51 
α-phellandrene 0.47 0.43 - 
limonene 0.85 0.8 - 
cineole 5.97 9.89 0.73 
δ 3-carene 0.78 0.63 - 
3-carene 0.95 - - 
2-nonanone 0.75 0.74 - 
β-linalool 16.11 15.65 2.45 
α-terpineol 0.87 1.87 - 
α-cubebene 0.53 0.67 6.33 
α-copaene - - 1.06 
α-gurjunene 3.20 1.94 0.67 
eugenol methyl ether 0.85 0.8 0.58 
caryophyllene 0.74 0.6 1.64 
8-Isopropyl-5-methyl-2-methylene-
1,2,3,4,4a,5,6,7-octahydronaphthalene   
- - 3.68 
aromadendrene 0.93 0.51 - 
cadina-3,9-diene 0.53 0.43 4.27 
germacrene D 3.16 0.69 1.34 
α-Curcumene 2.26 1.47 0.32 
β-Guaiene 1.13 0.98 6.61 
elixene 3.97 2.01 0.4 
α-muurolene - - 0.63 
γ-cadinene 2.33 1.97 1.01 
δ-cadinene 0.71 0.71 6.94 
calamenene 2.40 2.47 27.68 
myristicin 2.48 1.82 0.98 
cadina-1,4-diene 1.63 1.89 10.99 
palustrol 0.75 0.57 0.8 
spathulenol 5.10 10.59 1.63 
unknown 1 0.71 - - 
guaiol 8.47 6.12 3.07 
dehydroxy-isocalamendiol 1.28 2.22 0.6 
unknown 2 - - 1.25 
unknown 3 - - 1.76 
unknown 4  6.02 7.41 0.76 
TOTAL 91.17 90.39 90.94 
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A  
B  
C  
Figure 23. Tasmanian Pepper essential oil chromatograms. A: Freeze dried berry; B: Dried berry; C: Dried and 
crushed leaf. 
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4.4 DISCUSSION 
  
Not surprisingly, the amount of oil extracted in the distillation process for both forms of 
berry were very similar, with 0.71 % (g/g) in freeze-dried samples and 0.65 % in dried samples. 
This suggests that these two methods of berry processing have little effect on essential oil yield. 
However, more data is needed to confirm this hypothesis. The leaf sample had a higher essential 
oil content than the berry, with 2.71 %. 
 
The compounds identified in the essential oil of Tasmanian pepper leaf in this study are 
consistent with those found in alcohol leaf extracts by Menary (1999) and essential oil extracts 
by Southwell & Brophy (1992). The main constituents were α-Pinene (2.25 %), β-Linalool 
(2.45), α-Cubebene (6.33), Caryophyllene (1.64), 8-Isopropyl-5-methyl-2-methylene-
1,2,3,4,4a,5,6,7-octahydronaphthalene  (3.68), Cadina-3,9-diene (4.27), β-Guaiene (6.61), δ-
Cadinene (6.94), Calamenene (27.68), Cadina-1,4-diene (10.99), Spathulenol (1.63) and Guaiol 
(3.07). 
 
 Relative contents of the respective compounds varied to those in the published 
litereature. This may be due to a number of different factors. Cultivar selection, extraction 
technique and post-harvest effects will all effect essential oil content. The study published on the 
essential oil constituents of Tasmannia lanceolata by Southwell and Brophy (1992) did not 
indicate if it was dried or fresh leaves that were distilled, or whether they were milled or not. 
This would impact on the composition of the essential oil fraction. The percentage composition 
of monoterpenes, such as alpha and beta-pinene in this study were far less than that of the study 
by Southwell (date). This is most likely due to the fact that the sample extracted in this study had 
already been pre-crushed when purchased. This post-harvest processing stage would have 
resulted in a release of the lower boiling point compounds and a net loss in overall volatile levels 
(Murthy et al., 1991). The higher boiling point compounds would be more likely to persist after 
this process. This is backed up by the data from the previous experiment in this study, on the 
effects of grinding on freshly emitted volatiles from Tasmanian pepper leaf, where large 
reductions in monoterpenes (and to a lesser degree sesquiterpenes) occurred due to grinding.  
 
The key pungent compound found in leaf alcohol extracts, polygodial, was not identified 
in any essential oil samples in this study. This was mainly due to the fact that there was no 
standard for comparison and no spectra to compare to in the chosen mass spectra library. 
However, it has also been reported that the polygodial content in the essential oil of Tasmanian 
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pepper leaf is far lower than that of the alcohol extracts (Read, 1996). Polygodial dominates the 
composition of alcohol leaf extracts, making up to 40 % of the total constituents. There were a 
number of unidentified compounds in significant quantities towards the end of the 
chromatogram, which may have been poygodial and/or it’s artifacts. Comparisons with known 
standards would assist in identification of these unknowns.  
 
Similar to Tasmanian Pepper leaf, little information is available on the essential oil 
constituents of Tasmanian Pepper berry. The results obtained for both the dried berry and freeze-
dried berry appear to be very similar. This was expected as they are effectively the same product. 
However, it appears that these different processing methods may have little effect on the overall 
essential oil constituents of the final products (Figure 21). The results also highlight the great 
difference in the volatile compositions of the leaf and berry. The main constituents found in both 
forms of berry were α-pinene, β-pinene, cineole, β-linalool, α-gurjunene, germacrene D, α-
curcumene, elixene, γ-cadinene, calamenene, myristicin, cadina-1,4-diene, spathulenol and 
guaiol. Understanding and linking the organoleptic qualities of these compounds is essential for 
unravelling the flavour of this exciting new product. 
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4.5 CONCLUSIONS 
  
 The compounds identified in the Tasmanian pepper leaf sample in this study were 
consistent with the published literature. Further studies looking at the effects of different pre-
harvest and post-harvest treatments on the essential oil content of both the plant leaf and berry 
would be useful. 
Both dried and freeze-dried Tasmanian Pepper berry samples were highly similar in their volatile 
profiles, suggesting these forms of processing have little effect on essential oil quality. Further 
studies using internal and external chemical standards, with a focus on the identification of 
unknown compounds would be of great benefit and would complement the results obtained in 
this thesis looking at the aroma of freshly ground Tasmanian Pepper.  
 Completing the flavour profile, in terms of both its chemistry and its sensory attributes 
will aid in better product description, development and marketing, and most importantly 
consumption and consumer interest. 
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